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'PREFACE

The concept of the factors of structural safety presently applied to the design of fixed-
wing aircraft can be traced back some 50 years. The numerical values of these factors are
based on experience hidden away in history, and literature and requirements only give-indica-
tions of the various aspects which the factors are inteiided to.cover, thus showing a lack of
rationdl definition. i .

The last decades have brought abouf rapid progress in establishing aerodynamic
derivatives, defining load conditions and predicting structural loads as well as enabling more '
detailed analyses for stress and deformation to be made. '

The lack of a rational basis for the factors of safety together with the progress made i
brought about a discussion of changing the concept and the factors involved. AGARD !
Structural and Materials Panel formed an ad hoc Group to condense this discussion.

The three pilot papers contained in this report address the.different aspects which are
envisaged, and show up inconsistencies of the present concept as well as means and methods
for possible changes and examples of the outcome. An additional paper summarizes what is
going on in the field of civil engineering with respect to structural safety.

It is hoped that these papers will rise to a concerted effort towards rationalizing the
concept of structural safety in aircraft design.

R.J.MEYER-JENS
Chairman, Ad Hoc Group
on Factors of Safety
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FACTOR OF SAFETY/LIMIT LOAD CONCEPT-MAXIMUM LOAD CONCEPT
by .
H. Struck
Load Criteria Section
Vereinigte Flugtechnische Werke - Fokker GmbH, D-2800 Bremen
Germany

SUMMARY

It is the philosophy of the present airworthiness requlations for airplane design
to define the expected loads during operation in terms of limit loads. The required
margin of safety between these limit loads and the ultimate loads has until now been
covered by a factor of safety of 1.5. The proposal is made to rethink the philosophy
of having a fixed factor of safety, taking intc account the probability of load
occurrences and variations in the properties of materials. The load level of limited
loads or of extremely rare occurrences could then be defined as maximum loads with
a lower factor of safety. Three possible methods of predicting maximum loads are
proposed.

1.0 INTRODUCTION

The present-day safety factor for aircraft structures, as applied to manned aircraft,
dates back 50 years. During this period considerable progress has been made, expecially
in the fields of structural materials, semifinished products, and testing methods.
Furthermore advances in aerodynamics and aeroelasticity, combined with developments
in electronic data- processing (EDP), facilitate a better prediction of structural -loads.

A réappraisal of the safety factor would therefore seem to be in order, not with
the intention of lowering the level of safety, but with the aim of examining the various
safety requirements in the light of present knowledge. In this connection design loads
should be defined as those loads that will be exceeded only with a small probability.
They are then called maximum loads. At present possibilities for the application of
this view are visualized mainly for military aircraft, and three possible -methods are
recommended :

- semi-statistical/semi-deterministic

- gtatistical: Extreme-value distribution

~ gsemi-statistical/semi-empirical
2.0 LIMIT LOAD CONCEPT
2.1 Historical Review

Since the early days of aviation all countries engaged in aircraft constrution
have been concerned with safety in aircraft design. Safety factors were introduced into
the design of the structure to take care of uncertainties which could not be properly
assessed by the technological means of that time, such as

a) the possible occurrence of load levels higher than the limit load

b) uncertainties in the theoretical or experimental determination of stresses

c) scatter in the properties of structural materials, and inaccuracies in
workmanship and production

c) deterioration of the strenght of materials during the operational life
of the aircraft

Figure 1 shows the development of the safety £factor as required by American, British,
French, and earlier German regulations. In comparing American and German regulations

it should be kept in mind that limit loads were defined differently, so that the American
specification CAR yields higher ultimate loads, although the corresponding safety factor
is smaller, e.g., since

ny = j x ny for large gross weights
n, = 1.5 x 2,5 = 3,75 for CAR

n, ™ 1.8 x 2.0 = 3,60 for BVF




(3%

‘ .
. j 20 Jret ity T = TENSION
& ‘ i T C = COMPRESSION )
v -3 .
1 1 18- - S GERMANY {BVF)
H T
: | |
; T
. N -8
: T UsA UK
J 154 ey .',. D S0 0 WS S S | >4
| B
. —_—————— BVF GROUND
! 1.3+ * Yo b
: “] ju {ultimate)
; - -—~--ip (proof }
O e USAUK
:rr(;l:Illllfl;ll:lllllfllllrrix;llln
1928 1934 1945 060 YEAR
FIG.1 HISTORY OF SAFETY FACTORS
Ju ip ju ! p
FRANCE AIR 20040
FLGHT| 1.4 <+ 15 - —-
GROUND 13 - -
UK Av.P-970] 133 == LS 10 1125 15 = 118
BCAR 1.5 1.0 15 '
T usa ML :
1.5 10 1.5 )
FAR o
« %
GERMANY 18 1.35 133
' | BVF untit 1948 ' ' I
| . o
, ) <\
| ’ ~
‘ TABLE | SAFETY FACTORS OF SEVERAL, REGULATIONS ‘1;
[
’ %
S
I '
T S sniake Y = — - — -



The corresponding values -for the yield safety factor, oxr factor of proof test, Jp .
for the various countries is dlso shown in Table 1. The ratio Ju /3o is given as about1.5
by currently valid American and British specifications, with the egception of -the British.

N military specification Av.P. 970, It distinguishes two groups (Reference 6)

a) cases for which the load level is not limited by the capabilities of the
aircraft but is defined on the basis of experience, with safety factors
as. listed in Table 1 ..

b) cases where the aircraft is incapable of producing operational loads in
excess of prescribed load levels, or where operational loads are limited
by reliable means. For these cases an ultimate factor Ju is not defined.

j ULTIMATE LOAD P = F
‘ LIMIT  LOAD £ = Rp.
ULTIMATE
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FIG.2 SAFETY FACTORS - AIR 2004D
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The French military specifications AIR 2004/D (Reference 4) require various ultimate
factors. For ground loads the factor j, decreases to 1.3 for the undercarriage and its
support structure. For flight loads the ultimate factor depends on the category of air-
craft, 1. e, on the maneuver load factor, In -addition to this the concept of frequent lvads
(charges sures, or charges de base) has been introduced into the AXR 2004/D Regulation.
They are defined as the maximum loads occurring during normal operation, and differ from
limit loads by a factor of 1. This factor depends algp on the ailrcraft category. Fig. 2
ghows the safety factors according to AIR 2004/D in relation to limit load. .Beyond this
limit, loads are required not to cause permanent deformations larger than 5 % of defor-
mations under this load.

]

»

3 The ratio of ultimate stress to yjeld stress has decreased. ccniihuously with the

o increasing use of high-strength materials, so that .currently its value ranges between
PO 1.1 and- 1.5. Fig. 3 shows the .trend .of -tha 1ast four decades. It is interesting to note
s Lhat tha ulbimsis Factor Of safety was defined in 1924, when the aluminum alloy 2024 with

© approximately the same ratio of ultimate "o yleld strength had generally come into use in
: aircraft construction.
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FIG.5 VARIATION OF a“/ay WITH TEMPERATURE

Fig. 4 shows the dependence of ultimate strength/yield strength on ultimate tensile
strength of some structural materials used today in aircraft construction at room
temperature. Fig. 5 shows the dependence of this ratio on temperature. These figures show
that the high-strength aluminum alloys, high heat treat steels and titanium alloys in
current use have a considerably smaller ratio of ultimate to yield strength than 1.5. It
should however be kept in mind that within certain groups of materials toughness decreases
with increasing yield strength, an aspect which is important in fracture mechanics con-
sideration.

—_—g— T e
-

2.2 Inconsistencies ahd Deviations

It can be said that ian general the present-day safety factor is a more or less
arbitrary factor which is multiplied with the limit load or the load factor in order to
make sure that prescribed loads may be exceeded by a certain amount before failure of the
structure occurs. In general the safety factor also provides. for enough strength to avoid
permanent deformations due to occurring loads. Limit loads, however, are defined indepen-
dently of the probability of their occurrenze, i.e. safety margins differ according to the
type of loading and structural component. Some examples follow:

v Limited Loads - For these in-flight loads which are either limited by the capability
of the alrcraft or by reliable means, the same safety factor is applied as for those whose
maximum values are not limited, or aannot be determined within close tolerances. Limited
loads are, for instance,.

- loads caused by internal pressure (cabin)

= loads caused by control surfaces with limited deflections

thrust loads of engines or rockets

loads caused ‘by negative gauge pressures near absgélute vacuum

the occurring load does not have the same safety factor as the main load
parameter, as for instance, in the case of up and down gusts (Fig. 6):

(1} Safety 'factor
associated with

(2) safety factor
agsociated with

”
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load factor
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addLE1ona1 load factor
nxji=1t1+3 An
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FIG.6 GUST LOAD FACTOR-FACTOR OF SAFETY

In the first case the safety factor is applied to the total load, and yields a ultimate
load for the “down-case" lower than that for a gust velocity 1.5 times larger. In the
gecond case the additional load factor is factored out of the gust effect, producing

a value for the "up case" lower than that when total loads are considered.

The Dutch aviation agency RLD have stipulated a special requirement for the
structural design of a single aircraft type. It raises the ultimate negative gust load
factor, as is defined in FAR 25, by An = - 0.6, This requirement is derived with the
assumption that the safety factor is split into two parts, one for uncertainties in the
load, the other for uncertainties in the strength of the material,

J= 3y x dg = 1.25 % 1.2 = 1.5 .

With this requirement the ultimate negative gqust load factor becomes n x j = 2.1
in the preceding example, i.e. somewhat larcer than in case 2. Fig. 6 shows the compari-
son of the two cases, and the RLD requirement, presented as case 3.

2.3 Development of Computation and Test Methods

In the last three decades theoretical and experimantal methods of aerxodynamics have
been developed considerably so that the prediction of aerodynamic forces on structures
and their distribution is more accurate than in the past. Virtually all types of in-flight
and ground loads can be determined today with the aid of EDP, Calculations also can include
the effects of non-linearities and control elements (actuators, dampers, CSAS, etc.). Fig., 7
shows the influence of control components (actuators and CSAS) for a modern fighter during
a rolling maneuver., In the past, calculations of longitudinal and lateral motions were
decoupled to a large extent because of the large computational effort involved. Today
calculations with five of six rigid-body degrees of freedom are quite common.

While in the past, undercarriage loads were determined for each undercarriage separa-
tely by associating it with an equivalent mass (unit 1load), it is tcday possible to cal-
culate the landing impact dynamically as a whole. Although aeroelastic problems have ‘n-
creased with increasing flight speed and aircraft complexity, the capability %o cope with
them has, on the whole, increased at the same rate. Here, too, the availability of compu-
ters helped to increase the number of degrees of freedom which are used to describe the
dynamic pehavior of the aircraft. In the field of statics and strength of materials much
more detailed stress calculations can and are made thanks to matrix methods, expecially the
finite-element method. Advances in experimental techniques concerning messurements and the
application of loads to structures also provide a considerably more detailed check on cal-
culations by static and fatique tests.
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FIG. 7  AIRCRAFT RESPCNSE DUE TO AILERON COMMAND

Furthermore flight testing today is in the .position of being able to supply
a multitude of data because of improvements in the collection, transmission and processing
of experimental data. It is, for instance, common practice to measure sectional forces
according to MIL-Spec. 8871 at various stations of the structure in flight (several wing
cross-sections, at least one empennage section, and one fuselage section). Any significant
discrepancies in the measured and the predicted values are then taken into account in the
design of production aircraft. A better knowledge of material properties under various
conditions (environment), and the ability to ‘test materials and structures non~destructively
{X-ray, ultrasonic methods, etc.) makes a comprehensive and thorough quality control
possible, beginning with the manufacture of materials and semi-finished products, and
ending with the final check of the operational aircraft.

3.0 MAXIMUM LOAD CONCEPT
3.1 Basic Ideas

For the past 20 years the question has been raised by structural experts of various
institutions, whether the rather rigid safety factor of 1.5 is still realistic today. This
has been documented in numerous publications (see References). One of the alternativesto the
1.5 safety factor that has been proposed is the maximum load concept. The basic ideas of
this concept were developed by V. Braun (Reference il)and J. v. Osnabrugge and N. Schippex
{Reference 12). The term Maximum Load Concept was, however, coined later by Aldinio and
Tagliaferrl (Reference 13).

The main idea. of the maximum load concept is to split the proven safety factor of
1.5 into two parts in a rational fashion, one for the uncertainties in the loading (deter-
mination of loads, static calculations), the other for uncertainties in strength (scatter
of material properties and inaccuracies in construction). Allowable loads are defined as
thosé load values that will only be excecded by expected loads with a prescribed small
probability. These loads are. then referred to as maximum lqads.

The Airworthiness Commitee of the International C/'v+l Aviation Organization (ICAO)
discussed, among other things, the subject of maximum load concept in the period from
1957 to 1970.1t was decided in Montreal in late 1970 not to pursue this concept for the
time being as a possible basis for airworthiness regulations. Several proposals however,
were made to improve structural safety. This subject was also discussed by tha Stydy Group
Structures of the AECMA (Association Europlenne des Constructeirs de Material Aerdspatial)
in the context of the Joint Airworthiness Requirement (JAR). These deliberations led to the
suggestion to split the safety factor into the préviously mentioned two parts, and to
consides load limits as maximum loads.
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Gust or landing loads are strongly influenced by random physical or human
characteristics. But also in these casec safety could be much better defined by
extrapolating loads from statistical data, rather than the application of a safety
factor of 1.5 for all cases. Loads, furthermore, that are limited naturally by the
ability of the aircraft to produce them, or by internal aircraft systems, could be
regarded as maximum loads to which a safety factor need not be applied. The deter~
mination of maximum loads with a small probability of being exceeded is-entirely
possible for modern fighters which are limited in their maneuvers, or for control con-
figured vehicles (CCV) which are in any case equipped with a fly-by-wire flight control
system.

As a principle the prescribed design boundaries and the corresponding safety factor
should not be separated, i.e. the entire design philosophy should be considered. There-
fore a mixed application of various regulations to a single project is not advisable.

Up to now the safety factor has been reduced in only a few cases. Within the pertinent
regulations only the case of the American MIL-Spec. 1960 issue is knowa, where no safety
margin is required for the undercarriage and its supporting structure. It may be supposed
that with the consent of the appropriate authorities the safety factor or the load level
could be reduced in the following cases:

~ in emergencies, such as emergency landings into an
arresting net or cable

- for transient phenomena ‘(hammer shock pressures in aircraft inlets)

- whexre actuators are power-limited and large loads cannot be produced
3.2 Suggested Models

The following models are proposed for the application of the maximum ioad concept:
3.2.1 Semi~-statistical/semi~deterministic

In the past operational loads were predominantly checked by measurement of the main
load parameters, in the form of cumulative fregquencies or load spectra (Reference 14).

They are:

~ the normal load factoxr, in flight and on the ground

the angle of sideslip and/or the transverse load factor

the rolling velocity in flight

the bank angle during landing.

On the basis of these load spectra a probability of occurence of the main load parameters
is defined for each type of mission and maneuver, and the maximum value of the main load
parameter can be determinred from this,

If, for instance, an aircraft is designed for air-~to-air combat, a maximum load
factor of 9.0 may be derived from the statistical cumulative frequency distribution for
every tenth aircraft after 4000 flight hours, This value is taken to be the maximum main
load parameter. For this load parameter the loads produced by the maneuvers specified in
the pertinent regulations are determined by means of a deterministic calculation such
that the maximum value of the main load parameter is just attained, but not exceeded. An
example is the loads as a furnction of time produced by the actuation of cockpit controls
according to M1L-8861.

3.2.2 Statistical: Extreme value distribution

As a rule, load spectra are produced with the objective of determining magnitude
and frequency of operational loads. These, in turn, are used in vibration tests to
determine the corresponding fatigue life of the structure, Load spectra like these are
derived from relatively short time records, compared to the actual operational life time;
they do nnt contain those maximum values that might be expected to occur during the entire
operational life of the structure, i.e. a knowledge of which is necessary for the design.

In 1967, O, Buxbaum, of LBF, suggested a method to determine design loads from extreme
values of frequency distributions {(Reference 15). This method is capable of deriving design
loads by means of the statistical evaluation of the extreme values, in cases where the
range, the maximum value, and the scatter of the spectrum may be safely assumed. The design
load determined in this way is described by its magnitude and its probability of exceedance.

As an example the maximum rolling moment at the horizontal tail of the Transall C160
was determined in this way by means of in-£flight measurements. The design load was taken
to be that maximum value of the extreme value distribution expected to occur once for
every tenth alrcraft. Figure 8 shows the extreme value distribution for the rolling moment
at the horizontal tail for 53 flights. The design load case with W = 10 % for 1250 flights
is also shown there, i.e. this rolling moment is expected to occur once for every tenth
ajrcraft within_1250 flights. For purposes of information the values for an exceedance
probability of wu = 50 § (every second aircraft) and Wu = 90 % (almost every aircraft)
are also shown.
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FiG.8 EXTREME - VALUE DISTRIBUTION

The horizontal tail of the C160 was first designed according to the prescribed

French AIR 2004/D specification,It requires for the asymmetric loading of the horizontal
tail to assume -

- 100 ¢ of the maximum load for symmetric flight cases on one side of the
plane of symmetry, and 75 ¢ of this load on the other side;

- in the vicinity of stal), 100 § of the maximum load on one side and 50 § on
the other side. ’

The magnitude of the rolling moment &t the horizontal tail, is abouk twice the moment
derived from AIR 2004/0.
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FIG.9 EXTREME - VALUE .DISTRIBUTION VERTICAL
ACCELLERATION ON TAIL

In Fig. 9 a further example of thc extreme value distribution is shown, {.e.,
a vertical accsleration on the rear fuselage of the C160 measured in 24 ground runs.
This diltribution clearly shows the range for maximum engine speed, i.e., the range
where almost no rise in extreme values can be detected for decreasing probability
of occurrence. Under absolutely equal ground run cond{ tions the extreme values should
be independent of the probability Wy, i.e., they could be taken as limited loads.

3.3.3 semi-statistical/semi~espirical

It has been known for some years that VG and VGH measurements do not suffice for
the definition of criteria for structural design. In order .to obtain statistically
supported design criteria, a special NACA Sub-Committee on Aircraft. Loads recommended
in 1954 to expand statistical load programs to the extent that they included measurements
of time histories of aight parameters (three linear accelerations, three angular
accelerations, airspeed and altitude). The first measurements of this kind were mide with
the F 105 D Pightar in peace time with the aim to develop a maneuver load concept which
was to predict design loads for the fuselage, wing, horiszontal tail, and vertical tail
(Reference 16). All data were processed to calculate time histories o! loads, with peaks
called “"observed loads". The data oscillograms were examined in order to define 23
recognizable types: of maneuver.

3
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Assuming that for every type of maaeuver the same sequence of aircraft motion
occurs with the exception of differences in amplitude and duration, the measured para-
meters were normalized with respect to amplitude and time. Finally, to determine the
loads,the normalized parameters were denormalized in order to get the 1ldad peak
distribution for the wing, tha fuselage, and the empennage. The good agreement between
observed and predicted load peak distribution demonstrated the feasibility of the maneuver
model technique for the F-105 D aircraft.

The F-106 Fighter was selected to demonstrate this model on another aircraft. The
detailed results of 3770 flight test hours made it possible to apply the maneuver model
technique, i.e. the empirical calculation of component loads as compared to the F-106
design loads (Reference 17). The results in the form of cumulative occurrence of the
loads for wing, elevon, and vertical tail made it possible to determine the design
load for a given cumulative occurrence.
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FIG.10 CUMULATIVE OCCURRENCES OF VERTICAL
STABILIZER LOADS

Fig. 10 shows the results for the vertical tail as published by feneral Dynamics
Corporation. It shows how the maximum load for structural strenqth considerations may
be derived from the plots of cumulative occurrence. Two cases are shown there. One is
the load that may be expected to occur once in the operational life of every aireraft,
the other is the load expected for every fourth aircraft.
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3.3 Possibilities of Application

: A change in the present safety factor may be considered appropriate, with due regard
: to durability requirements in the cases of -

Limited loads - 1

a) loads limited by aircraft internal systems, such as cabin pressure, hydraulic
§$ pressure etc.

b) loads that can be determined with sufficient accuracy, or are given within
narrow tolerances by design requirements, such as engine thrust, engine inlet
pressures, etc.

c) loads that are incapable of being achieved physically, such as thcse resulting
from negative gauge pressures near absolute vacuum, or from aerodynamic
boundaries (stall).

Loads resulting from extreme values -~ Loads -which may be derived with sufficient
accuracy from measured extreme values.

Aircraft with load alleviation systems -

a) loads which cannot be exceeded in practice by built in limiters,
such as bob-weights, shakers, and pushers at the control stick. i

b) loads that have been determined for a flight vehicle with automatic
control or redundant load alleviation systems (maneuver load control, R
CSAS, etc.)

Double failures - Loads that have been determined for double failures whexre an
indication of the failure is assured.

4.0 CONCLUSION

The question is raised whether the current factor of safety of i = 1.5 still makes
sense today. The aim here is to achieve the same degree of safety for all loading con-
ditions. One way to this objective that has already been indicated by structural experts,
is to replace the limit load concept by the maximum load concept, i.e., to introduce
maximum loads with a reduced safety factor in place of limit loads with a safety factor

’ of 1.5, The main criterion for the design of combat aircraft is given by the maneuver
loads. These are capable of being assessed quite accurately at the present time, thanks
to the lay out of modern combat. aircraft on one hand, and to improved methods of pre-
dicting loads on the other hand.

Three possible methods to determine maximum loads are being proposed:

- gsemi-statistical/semi-deterministic

- statistical: Extreme-value distribution ﬁ
i
- semi statistical/semi-empirical :

Which of the methods is used depends on the design philosophy for the aircraft in
question, and to what extent available statistical data can be applied.

At the present time the life time of an aircraft has become increasingly important g
in aircraft design. The weight savings due to the application of the maximum load concept
therefore should hot »he overlooked. In fact, the aim here should be to detect inconsisten-
cies within the current concepts and to indicate ways of eliminating them. This may .be é |
accomplished by defining and determining design loads individually according to their j
mission and probability of occurence, ;

In the field of materials research and construction methods some efforts have been
made to develop materials tailored to specific applications zrnd load conditions, and to
design structures to take full advantage of new materials. The question is whether even 3
larger uncertainties in the determination of loads are being overlooked. The engineering
means of determining these loads exist, but the integration of the body of knowledge and
experience in predicting loads could be improved by more systematic studies.

We present these ideas to AGARD, because we feel that if some of these arguments
could be incorporated in future recommendations, AGARD would be a suitable institution
to make these recommendations to the participating nations. The working methods within
AGARD especially, such as the cooperation of the various panels (e.g. SMP and FDP)
promise to help attain this objective.
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FACTORS OF SAFETY - SHOULD THEY BE REDUCED?
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SUMMARY

Tt is now 40 years or morel since the factors of safety for fixed-wing aircraft
were last adjusted in the UK, USA and Germany, and it is considered timely to review
them ayain. This piiot paper looks at three aspects of the question posed by the title:

a) the prima facie case
b) the probabilistic approach
c) the potential reduction in mass

There is a strong prima facie case, and predicted mass savings for both combat and
transport aircraft lend additional support to the argument.

Data is needed to provide a basis for a more representative study of the probabilities
of failure; research into this aspect would be very worthwhile.

1 INTRODUCTION

A definition, by referring to basic principles, will often reveal facets of a problem
which have been overlooked in the ready acceptance of subsequent interpretations. In
scoking a definition of the factor of safety, one is surprised to f£ind that AvP970, the
British handbook of Design Requirements for Service Aircraft?, does not appear to give a
definition, although the proof factor and ultimate factor are mentioned in Chapter 200,
and Leaflet 200/3 is devoted to an exposition of the fundamental principles underlying
the choice of their numerical values.

The British Civil Airworthiness Requirements (BCAR)3 carry a definition in Chapter
p1-2, para 4.5:

*Pactors of Safety (for static strength)

Design factors (proof and ultimate) to provide for the possibility of loads
greater than those expected in normal conditions of operation, uncertainties

in design and variations of structural strength, including variation of strength
resulting from deterioration in service".

This definition is interesting in that it gives some indication of the various aspects
which the factor is intended to cover:

Uncertainties in loads

Inaccuracies in structural analysis

Variations in strength properties of materials
Deterioration during service life

To this list might be added:
Variations in build standard between nominally identical components.

An oblique reference to these sources of variability is made in para 7 of AvP970
Leaflet 200/5, which states that due allowance must be made for them if the specified
factors of safety are to be regarded as adequate.

In considering the factors of safety, therefore, attention must be given to the five
sources of variability listed above, and to any changes in variability which have occurred
during the past 40 years. A study of these five sources forms the basis of the prima
facie case, which presents an argument for reducing the factor of safety. The effect of
such a reduction on the probability of failure is shown in the next section of the paper,
whilst the effect on operational mass is given in the later sections.

*EDITOR'S NOTE

This presentation is a compendium of four papers, suitably edited, which were
originally written for the Structures Research Sub Committee of the Society of British
Aerospace Companies.
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2 THE PRIMA FACIZ CASE4

2.1 Loads

At the time when the ultimate factor was last adjusted (from 2.0 down to 1.5, circa
1935), no flight load data collection had been made to substantiate the basis for the
manoeuvres, gust encounters, etc, defined in the requirements. Aercdynamic load
distribution diagrams were based on simple lifting surfaces of fixed geometry, and no
allowance was made for elastic distortion or for dynamic effects.

It is reasonable to assume that modern load prediction methods, coupled with a
better understanding of the flight envelope, should predict applied forces to a higher
standard of accuracy than the methods of yesteryear.

2.2 Structural Analysis

Probably the greatest change in the design process during the past 20 years has
been the introduction of the computer for structural analysis. The earlier analytical
methods, involving over-simplification of the structure to idealise it as a system of
beams, struts, ties and shear webs which were amenable to mathamatical treatment, have
been largely supplanted by finite element techniques giving a much closer approximation
to the true state of affairs. The computer has not been used to speed up the old
methods; it has made possible a new approach to structural analysis, and this fact should
be recognised when reviewing the factors of safety.

As a counter-argument it should be noted, however, that for many years it has been
the practice in the UK and elsewhere to confirm the structural analysis of the major
airframe components by means of a static strength test, usually taken to destruction.
Any surplus strength has usually been absorbed by developing the aircraft, eg by
specifying a greater payload, whilst any strength deficiency has been remedied by local
modification.

Since this practice applies whether or not a refined structural analysis has been
used, the final outcome is the same; namely that the major compecnents of the aircraft
have a fairly uniform reserve factor as near as possible to unity. The only components
not proved by structural testing are secondary items such as trailing edges, undercarrlage
doors and fairings together with some internal structure such as light wing ribs.

2.3 Material Properties

Materials for aeronautical use have always keen subject to a strict quality control,
and it is doubtful if any credit can be claimed for improvements in this area. Moreover,
the introduction of B values has already effectively taken account of a reduction in the
factors of safety in certain applications, such as fail-safe structures.

2.4 Deterioration during Service Life

Structures are now expected to survive service lives far in excess of those
anticipated even a few years ago. Corrosion, wear, loosening of fasteners and
distortion due to mishandling must all ke considered, and none of these sources of
deterioration has decreased in severity over the yeacs.

However, the official requirements make it clear that the ultimate factor is
sometimes set at a high value as a safeguard against fatigue (eg BCAR, where for pressure
cabins an ultimate factor of 2.0 is required and as high as 3.0 is recommended). This
attitude towards fatigue is somewhat outmoded, and it would be more in keeping with
modern philosophies if all static strength calculations were based on a factor of safety
which excluded fatigue considerations. The reduction of working stresses to ensure the
necessary fatigue resistance is ncwadays regarded as a separate, but nonetheless important,
operation, and it cannot be a2chieved by the application of an arbitrarily inflated factor
applied to the static design cases.

2.5 Bulld Standard

The past decade has seen the widespread introduction of numerically-controlled
machines for the production of wing skins, spars and ribs; automatic riveting machines
for the attachment of stringers; close-to-form forgings; premium quality castings and a
stricter control of processes of all kinds.

These improvements in quality have led to a reduction in variability between
ngminzlly identical components which should be reflected in a reduction of the factors
of safety.

2.6 Potential Reductions

0f the five lisnted sources of variability, at least three -
Load prediction
Structural analysis
Build standard

have shown improvement over the past 25 years or so, and these improvements should be

o~
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considered when reviewing the factors of safety.
Two sources have shown no improvement -

Material -properties
Deterioration in service

but allowance has already been made for an improved statistical assessment of material
properties through the introduction of B values.

3 THE PROBABILISTIC APPROACHS

3.1 Instantaneous Probability of Failure

It has been demonstrated by Hooke6 that at a given time in the life of a structure
the instantaneous probability of failure may be obtained if probability density
distributions of structural strength and of applied loading are available. (See Fig 1).
This probability is compounded from the conditions of load exceeding strength and is
clearly dependent upon the shape of the "tsil" portions of the intersecting probability
density diagrams, together with the ratio of the mean values of the load and strength
as given by the ultimate factor (assuming a reserve factor of unity).

A pilot calculation has been performed assuming a normal distribution (for the

convenience of available tabulated properties) for both the load and strength probabilities,

and the same value of standard deviation in each case. For an ultimate factor of 1.5

it was found necessary to assume a minimum value of the standard deviation of 0.052 x
mean, So as to remain within the available data range (max of 4 standard deviations from
the mean value). Fig 2 shows the resulting variation in probability of failure per
flight against ultimate factor, assuming no structural deterioration with time.

The assumed distributions give a large increase in probability of failure as the ultimate
factor is reduced. -

Using more representative statistical data on aircraft loadinhg and strength gives
lass severe trends. Dr A.0.Payne, a co-worker of Hooke at ARL, has applied the above
approach using probability density data derived from manoeuvre load statistics and from
structural strength statistics on major aircraft components?, Payne's curve of
probability of failure against ultimate factor is included in Fig 2, showing a marked
difference in gradient from the "normal distributions" curve.

3.2 Cumulative Probability of Failure (Constant Strength Structure)

The pilot calculation was continued to determine the cumulative probability of
failure against number of flights, initially assuming constant strength structure.
The Theorem of Total Probability gives the probability of at least one failure in n
flights:- :

. P=31-(1-p)n

Where p = constant probabildity of failure per flight.
Since p is of small order the expression simplifies tc:-

P = np

Applying this equation to the data from Fig 2 gives the curves of cumulative
probability against number of flights and ultimate factor shown in Fig 3. The main array
of curves is from Payne's work, but also shown for reference are the lines corresponding
to the assumed normal distributions in the pilot calculation, again illustrating the
sensitivity of these calculations to the input data.

3.3 Cumulative Probability of Failure (Deteriorating Structure)

The £inal stage of the pllot calculation wazs to consider the effects of structural
deterioration towards the end of the service life. A safe-life design was considered,
using data on residual strength against life presented by Payne8 and assuming a service
life of 3000 flights. At a given ultimate factor (intact structure) the variation in
mean strength during the period of stiuctural deterioratioh was expressed in terms of a
progressive reduction in the ultimate factor to a value of 1.2 at the end of the life
(AvP970 residual strength requirement = 1.2 x limit load). Payne's data was adapted to
produce curves of mean residual strength against life (see Fig 4) for various ratios of
final residual stirength to intact structure ultimate strength. The cumulative
probability of at least one failure shows a rapid increase during the period of structural
deterioration as shown in Fig 3 for various values of tha ultimate factor.

The effect of the specified mode of strucktural deterioration vis a vis non-
deteriorating structure is illustrated in Fig 5, which shows the cumulative probability
of at leazt cne fallure in the service life of 3000 flights., The figure shows clearly
how the restdual strength. requirement governs this probability and illustrates the
diminishing returns obtained from an increase in the ultimate factor. It is interesting
to note that the existing ultimate factor of 1.5 gives & reasonable balance between the
probabilities for ‘the intact and deteriorated structures (ratio 1:3).
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3.4 Future Possibilities

The above exploratory excrcise indicates the potential of the statistical approach
as a means of rationalisiing the determination of ultimate factors. It is, however,
clear that the results of this type of analysis are very sensitive to the data input, in
particular to the probability density distxibutions of loading and strength and to the
shape of the structural deterioration curve.

In the case of the probability distributions there is the problem of obtaining
adequate statistics of rare events in the "tail" portions of the curves.

In the case of the structural deterioration curves the variation of residual strength
with time will depend upon the damage tolerance philosophy and structural configuration
and materials employed.

The possibility of achieving a weight saving by a reduction of the ultimate factor
is of course attractive, but must be considered in terms of the increased cumulative
probability of failure and of changes in the presently accepted margins between limit,
proof and ultimate loads. These margins themselves should be rationalised on a consistent
statistical basis with the probability dansity distribution uf loading used in the above
calculation.

4 SENSITIVITY OF COMBAT AIRCRAFT MASS TO CHANGE IN ULTIMATE FACTORI

4.1 Frccedure

Three typical conbat aircraft configurations were examined: delta wing, fixed wing,
and variable geometry wing aircraft (aspect ratios: 1.9, 3.5, 7.0 respectively).

The study was in two stages., in the first stage, the reductions in safety factor
were obtained by reducing the ultimate factor vrogressively from 1,5 to 1.0 and the
undercarriage vertical descent velocity was reduced by a corresponding amount, Design
2iving speed and maximum Mach number were Kept cuiistant, although an allowance was made
for reducing the safety factor in areas desiqgned by local dynamic pressure, eg intake
ducts, fuselage access panels,

The resulting reductions in mass were then re-iterated to produce the maximum savings
possible on the unscaled aircraft,

In the second stage, the procedure was the same as in the first stage, but the aircraft
were completely re-sized within the constraints of the relevant computer program.

4.2 Assumptions
Stage 1 -
(a) Airzraft size unchanged

{b} Constant fuel and payload
{c) Constant power plant

Stage 2 -
(a) Constant wing loading at combat
(b) Constant fuel fraction at combat
(c) Power plant scaled to qgive constant thrust/mass ratio at combat
(d) Fuselage qeometry scaled to match changes in power plant size and
fuel requirement
(e) Constant tail volume
(£) All fuel carried internally
(g9) Aircraft balance maintained by insertion or removal of fuselage "plugs”

{h) Stiffness criteria ignored.

4.3 Results

Tables I, II, and III show the results obtained at the end of the second stage,
The results are quoted as percentages of the combat mass for the datum aircraft with an
ultimate factor of 1.5,




TABLE I
DELTA_WING AIRCRAFT

UF = 1,7 UF = 1,25 UF = 1.0

FIXED WING AIRCRAFT

Wing 9.4 8.9 8.5
Tail unit 0.7 0.7 0.6
Fuselage 15.3 14,1 13.0
Undercarriaqge 6.8 6.2 5.7
Total Structure 32,2 29,9 27.8
Propulsion 17.1 16.6 16,0
Equipment 21.5 21.4 21.3
Mass Empty 70,8 67.9 65.1
Payload and combat fuel 29.2 28.5 27.17
Combat mass 100 96.4 92.8
' TABLE 11

UF = 1.5 UF = 1,25 UF = 1,0

|

i Wing 9.6 8,2 7.1
Tail unit 1.7 1.6 1.5
Fuselage 16,0 14,5 13,2
Undercarriage 6.7 6.0 5.4
Total Structure 34,0 30.3 27,2

E Propulsion 16,8 15.9 15,2
Equipment 22,5 22.4 22,2
Mass Empty 73.3 68.6 64.6
Payload and combat fuel 26,7 25,7 24,9
Combat mass 100 94.3 89.5

IABLE II1
VARIABLE GEOMETRY WING AIRCRAFT
UF = 1,5 UF = 1,25 UF = 1,0

Wing 16,7 12,7 9,7
Tail unit 1.8 1.7 1.5
Fuselage 14,9 13.1 11,7
Undercarriage 6.6 5.6 4.9
Total Structure 40.0 33.1 27.8
Propulsion 14.4 13.1 12,1
Equipment 21.8 21.4 21.1
Mass Empty 76.2 67.6 61.0
Payload and combat fuel 23.8 22,1 20,8
Combat mass 100 89.7 81.8

Figures 6 and 7 show the relative sensitivity of each confiquration to variations
in ultimate factor.
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i could be actively pursued, bearing in mind the good safety standard achieved
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4,4 Summary of Masg3 Savings

The results indicate that significant mase savings can be obtained by reducing the
ultimate factor, but no account has been taken of the effects of such a reduction on
fatigue life and development potential.

Significant savings can, however, only be achieved by continuing the exsrcise into
the cecond stage, ie by re-sizing the aircraft. The full effects of reducing the
ultimate factor of safety can thus only ‘be realised 1f the aircraft is designed ab initio
with the reduced factor.

5 SENSITIVITY OF TRANSPORT AIRCRAFT STRUCTURE MASS TO CHANGE YN ULTIMATE FACTOR1O

5.1 Objectives and Terms of Reference

The Trident 3B was selected as a typical civil airliner, The objective was to obtain
the change in the total structure weight of the aircraft due to a reduction in the ultimate
factor. Design limit loads, including the effects of structural flexibility, were taken
as unchanged. The reduction in factor applied to all static design cases,

The stiffness, minimum fatigue crack free life and damage tolerance design
requirements and aims were not changed, nor was the HSA "in-houge" ultimate factor of 3,0
on pressure loads alone for static strength of pressure cabins, for parts designed by
tension or shear loads (eg pressure bulkheads and floors).

The only mass savings derived in this exercise were for those component parts designed
by static strength requirements, eg wing top surface.

All items of the structure were considered, including the non-metallic parts, eg
canopy and cabin windows, cabin floors, paint etc.

Particular static strength requirements such as crash cases and bird impact were
retained unchanged, as were the specified minimum material thicknesses.

5.2 Trident 3B Basic Weights 1b kg
Design take-cff weight 150000 68000
Design landing weight 128500 58300
Maximum zero fuel weight 115500 52400
APS weight 83600 38000
Total structure weight 40400 18300

5.3 Structure Mass Reduction

All components of the aircraft were examinea under the conditions outlined above,
the detailed results with the associated criteria being given in Table 1V,

The total structure mass reduction amounted to 1312 1b (600 kq) being approximately
3.5% of the total structure weight,

5.4 Benefits Which Could Accrue from this Mass Reduction

The mass reduction of 1312 1b could be utilised in at least the following four
alternative ways:-

a) Increase in payload. 1312 1b = 4% of maximum payload = 6 passengers plus
baggage (at 210 lb per passenger),
b) Increase in range with maximum peyload. 1312 1b = 165 imperial gallons
of fuel,
c) Reduction of wing area to keep thz wing loading unchanged:
Wing loading = 100 lb/ft
A reduction of 15 ft2 in wing area keeps the wing loading constant
d) Possible omission of the boost engine in the rear of the fuselage.
Boost engine mass = 660 lb : SLST = 5250 lbf

5.5 Conclusions from this Exercise on the Trident 3B Structure

a) The relationship between structure mass and ultimate factor is 1% mass
reduction per 2% reduction in factor, within say a1 maximum of 10% change
in factor.

b) A reduction in factor from 1.5 to 1.4 would mean a change in probability of
occurrence of uitimate load from 10-7 per hour to 2 x 10-7 per hour, assuming
1imit loads have a probability of occurrence of 10-5 per hour.

c) The benefits which could result are such that a reduction in ultimate factor

in service,




TABLE IV
STRUCTURE MASSES

COMPONENT STRUCTURE DESIGN CRITERIA STRUCTURE
MASS SAVING
PER A/C 1b  PER A/C 1b i
Wing top surface Static strength:compression 2764 170 i
bottom surface Fatigue,fail safety and Jdcwm gust :
strength retained 2712 (o] |
spars Mainly static strength:shear,tank
pressures 2227 130 i
riks Mainly static strength 1356 88 i
control surfaces Stiftness,fatique,static strength,
minimum thickness 2779 8o i
LE, 7E structure Bird impact,static strength 2900 70 !
i
TOTAL 14738 538
Fuselage main shell (skin Fatigue,fail safety; 18 swg skin is
stringers, frames) a2 minimum in the pressure cabin;
static strength 6593 140
pressure bulkheads Static strength (HSA UF = 3.0)static
and floors and main strength,fatigue loads 3127 164
spar frames
cockpit and cabin Bird impact;working stress levels
windows retained 1225 o]
cockpit and cabin 1172 (0]
floors
doors and surrounds Pressure ,static strength and fatigque 1221 30
floor beams,seat Crash cases unchanged;other static
rails cases exist 1048 35
freight bay floors Static strength;minimum chickness in
part 726 35
other structures
{side engines suprvort,
U/c support structure
fairings,paint) Static strength,fatigue 1519 60
TOTAL 16632 464
Tailplane + elevator Static strength,fatique,stiffneas 2050 80
Fin + rudder Fin fatigue (side gusts) 1240 30
Main and nose u/c No mass reductions on wheels,brakes, “
jacks 5503 200
Engine mountings Fatigue,vibration,stiffness 282 0
TOTAL A/C 40400 1312

6

show a significant trend for transport aircraft.

CONCLUSIONS

The prima facie case shows that improved design and production techniques should
make a reduction in ultimate factor possible without a corresponding loss in safety
standards,

The studies into the sensitivity of aircraft mass to changes in the ultimate factor

For combat ai

in mass are worthwhile only if the aircraft are re-sized,

statistical survey.

rcraft, the reductions

The probabilistic approach shows the need for accurate data on which to base the

Future research into the possibilities of reduced factors of safety

should therefore concentrate on the collection and analysis of this data.
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ABSTRACT

The 1.5 factor of safety is a highly visible airframe design parameter. The factor is empirically
derived and provides an almost universally accepted measure of flight safety. Although the measure is
qualitative, the level of safety provided by the 1.5 factor has become an accepted standard. These
facts have developed a tendency among engineers to both challenge the continued application of the 1.5
factor of safety for efficient airframe design and yet avoid any change that would challenge the confidence
of future designs. The unsettled position on the factor of safety may never completely stabilize but
it can be clarified by reviewing its historical significance.

In U.S. design practice the significance of the 1.5 factor of safety can be placed in perspective
by reviewing its development for both military and civil use. The factor evolved as a compromise
opinion based on flight operations. The approximate 1.5 ratio of ultimate stress to yield stress for
certain materials coming into use during the same time period supported the decision but did not
influence the selection of the 1.5 factor of safety. Since the time of its selection, vsriations and
adaptations to other aircraft types have been proposed and sometimes used. Several variations and
experimental applications are reviewed.

The factor of safety design concept has recently lost some of its appeal and reliability-based
concepts have been emphasized. As part of its structural design criteria development program, the Air
Force has sponsored investigations to develop reliability-based criteria. Three of these investigations
and similarities between the factor of safety and reliability concepts are reviewed. Although the use
of reliability-based concepts will probably increase, their application to airframe design may be
limited. The factor of safety still covers many contingencies and it appears at this time there will
be a continuing need for some factor,

1. INTRODUCTION

From the beginning of flight and even before power was used, the concept of safety was considered,
Wilbur Wright, in a letter to his father, Bishop Milton Wright, on September 23, 1900, wrote the following:

"1 am constructing my machine to sustain about five times my weight and am testing every
plece. I think there is no possible chance of its breaking while in the air.”

Early designers, researchers, and pilots were interested in safety and were anxious to establish
facts and information identifying maximum loads on various parts of the airplane. Wind tunnel measurements
made before and after 1900 were used principally to predict airplane performance rather than structural
strength, but in-flight loads measurements to assess strength were also made during those early days.
To thie day, occupant safety Ls = primary concern in designing manned vehicles and the "factor of
safety” has tecome a prominent design concept.

The historical development of the 1.5 factor of safety in U.S. practice is largely unknown, even
among the engineers who use the factor frequently. Although not without criticism, little if any
thought or concern is given to using the 1.5 factor in day to day design applications. This fact would
seem to reflect its basic acceptance., This is not true, however, with other structural design requirements
which are frequently challenged and modified. Design aspecifications and practices are continuously
reviewed and revised.

A concertud effort to "raticnalize" airplane design requirements took place during th 1930's as a
joint effort between the Army, Navy, and Civil Aeronautics Administration, The development of the 1.5
factor of safety is closely related to, and interacts with this "rationalization" effort. The term
“rational" in this case refers to a logical rather than an arbitrary requirement.

The improvements that evolved were the result of a better understanding of actual airplane operations
as they occurred durirg the 1920's and of the various parameters which influenced design loads and load
factors. Por example, Reference 1 states that during the mid~192G's a particular formula for computing
the load factor capability of an airplane was not used by U.S. designers, since flight tests had shown
this formula to be unreliable, The gtate of knowledge at that time provided more information about the
actual maximum loads that could be expected in flight than were known about the parameters used in the
formula, therefore limiting its effectiveness. However, as a result of continuing flight and ground
tests, and engineering studies, overall knowledge grew quickly and the "rationalization" of earlier
requirements could be seriously considered.

Although structural design requirements tend to change frequently, the 1.5 factor of safety, as
adopted and applied to design loads, has not changed. When design or operational problems arise or
structural failures occur, certain corrective changes are usually made to the design specifications,
load prediction techniques, manufacturing techniques, environmental standards, or operational restrictions
of the airplanu, No known officisl action has ever been taken to increase the 1.5 factor of safety.

The only known attempt to change it would have reduced the factor, which has always been treated in a
relatively independent manner with respect to other design and operational criteria gince its adoption.

Specific references relating to the origin of the 1,5 factor of safety are almost nonexistant,
Like many design requirements, the utilization of the 1.5 factor of safety evolved over a period of
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time and it is not an independent development. The interaction of engineering and operational experiences
aie documented under unsuspecting titles that do not allude to their historical relationship with the
1.5 factor of safety.

There was a reasonable, although not exhaustive, search of the open literature for information
relating to the history of the 1.5 factor of safety, but there were no directly related references
found. Fortunately, several related articles were already known and were readily available. Those few
associated references that were found are related to the 'new" interest in "rationalizing' structural
safety on a reliability basis. This interest began in the late 1950's and carly 1960's. It is concerned
almost entirely with replacing the current 1.5 factor of safety with probabilistic interpretations of
structural safety. Certainly, today's technology can better handle the mathematical and computational
aspects of a more complex safety evaluation and may have prompted the current interest.

Variations to the conventional factor of safety and probabilistic techniques that have been considered
and used by the USAF, as they relate to static structural strength, will also be reviewed to show how
they evolved and are related to the 1.5 factor of safety,

The history of the 1.5 factor of safety has already been documented by two of the people actually
involved with the formulation of desizn requirements during the 1920's and 1930's, Mr. A. Epstein
worked for the Army Air Corps Material Center from 1929 to 1940 and prepared the original Air Corps
Structures Specification X-1803 in 1936, He continued his career in the U.S. aircraft industry working
in the structural loads and criteria area until his recent retirement. Mr. F. R. Shanley worked for
the Civil Aeronautics Administration in the 1930's and is knowledgeable of the development of civil
airworthiness requirements. Another source of civil airworthiness requirements, as they relate to the
factor of safety, is a history prepared by the Los Angeles Regioral Office of the Civil Aeronautics
Adminis.ration. These histories are given as References 2 (Military) and 3 (Civil)., The history of
the 1.5 factor of safety given in this paper 1s derived almost entirely from thzse references, which
are the only specific sources known to the authors.

2.  DEVELOPMENT OF THE 1.5 FACTOR OF SAFETY

The 1.5 factor of safety in U.S. design practice is fundamental, and represents a level of design
safety which has become an accepted standard. However, engineers now challenge the continued application
of the 1.5 factor for efficient airframe design, and yet tend tc avoid any major change in design
philosophy that would challenge the confidence of future designs or encourage legal entanglements. The
factor currently provides a balance between design efficlency and safety and it's gignificance can
perhaps be placed in perspective by reviewing both its military and civil development. Such a review
can be helpful in judging the 1.5 factor's current and furure anplicability.

The evolution of structural design criteria from the semi-impirical and arbitrary regulations in
effect during the 1920's to the relatively rational criteria established by 1940 is found in References
2 and 3. These references are indispensable and will be used extensively to relate the history of the
1.5 factor of safety in this section.

In the early 1920's, the U.S. Army Air Service maintained as a contractual document for design,
the Handbook of Instructions for Airplane Design (HIAD). Mr. Alfred S. Niles, in his book "Airplane
Design" published by the Engineering Division of the U.S. Army Air Service in 1926 (Reference 1),
detailed the structural criteria found in the 1925 edition of the handbook. The handbook criteria,
although adopted independently, was the result of a four year effort to obtain identical design rules
by the Army and Navy. In most cases, agreement was reached.

Civil airplane design practice paralleled the development of military practice, Civil air regulation
began in 1926 and requirements were published in Aeronautics Bulletin No, 7-A, "Airworthiness Require-
ments of Air Commerce Regulations." The bulletin was kept up to date by periodic revisions and was
replaced in 1938 by Part 04 of the Civil Air Regulations, in keeping with adoption of the Civil Aeconautics
Act of 1938 (Reference 3a).

The Army and Navy specified design load factors for three flight attitudes, as shown in Figure 1.
Two of these, low and high incident (angle of attack) attitudes, were associated with dive recovery
initfatfon, and finai recovery from a pull-up to maximum load factor. The low incident dive attitude
with {18 aft center of pressure nsually designed the rear wing spar. The associated design load factor,
which was two-thirds of the high incident value, was based on a lift coefficient of one-fourth the
maximum lifct coeificient, This wus a reatioilc désign oncept at the time, conaldering the rolatively
limited speed range of the airplanes and the reduced lift coefficient at the low incident design point.
The range of speed from stall to maximum was sufficiently restricted that when a high load factor
maneuver was performed, the airplane would generally come close to the maximum lift coefficient. To
achieve the same maximum load factor at low incidence, where the lift coefficient was one-fourth the
maximum, twice the speed would be required. Such a 3peed could not be achieved and thus, the reduced
factor was realistic. The third flight attitude for which design load factors were specified was that
of inverted flight.

Civil airplane design load factors were originally based upon actual acceleration measurements
during Air Corp tests in the early 1920's. To avoid establishing categories or weight classifications
for various airplcne types, the ioad factors were made dependent on airplane gross weight and power
loading. Until 1932 load factors were given in chart form using these two variables., These load
factors were modified slightly in 1932 for airplanes having low power loadings. The requirements in
Bulletin 7-A were revised in 1934 to include certaim basic performance and design characteristics by
using empirical equations based on previous operational practice. Although the load factor charts were
known to neglect important airplane characteristics, such as wing loading and drag, no substantial
changes were made in the maneuvering load factors themselves. The load factor charts were replaced in
1934 by an empirical equation and the minimum design load factor was reduced from 4.0 to 3.75 because
of satisfactory experience with large tlying boats (Reference 3a).

The term "factor of safety" was recognized in a general sense, but various interpretations were
applied. During the 1920's and early 1930's, all loads were ultimate and airplanes were designed Lo
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load factors which varied for each type. Reference 1 defines factor of safety as the ratio between
ultimate load and maxicum probable load. It states that the least factor of safety used for airplanes

is usually 2.0 and that the term "factor of safety" is often used incorrectly in place of the term

"load factor." A nearly identical definition for factor of safety was in use in Bulletin 7-A in 1929,

and its use may have been the result of Mr. Niles' influence (Reference 1). In a minor sense, terminology
was a problem and Reference 1 also gave definitions for design load, normal load, ultimate load, load
factor, and margin of safety. Similar terms were also defined in the 1934 edition of Bulletin 7-A.

While writing Ailr Corps Specification X-1803 in 1936, Mr. Epstein noted the ambiguousness of the
terms "applied" and "design" and proposed "limit" and "ultimate." The new terms were later adopted in
a4 joint meeting of Army, Navy and Commerce Department representatives, the forerunner of the group that
later originated the ANC programs, which are shown in Figure 2. The accepted terms first appeared in
the 1940 changes to Specification X-1803.

The first edition of the Civil Air Regulations, issued in 1938, included the same terminology
change. The terms "design" and "applied” were replaced by "ultimate" and '"yield." Both of the new
terms referred to loads required to be withstood by the structure. The term "limit" was also introduced
to specify the "actual" or "expected" load factor. The limit load factor represented a flight limitation
for which the airplane was expected to be completely airworth- (Reference 3b).

As defined in Reference 1, Mr. Niles seems to have ignored the maximum maneuver load factor
capabilities of the airplane in his assessment of the factor of safety of 2.0. He apparently used only
the more typically achieved maneuver load factors when assessing the difference between actual and
d -ign loads. There were no flight restrictions to limit maneuvers, for example, to half the ultimate
design load factor (to insure a factor of safety of 2.0) and it was characteristic at the time to use
the more typlcal (or average) maneuver load factors as a basis for design regulations. The Civil
Avronautics Administration during the same period specified only a load factor value (ultimate; in the
order of 6.0 for a typical airplane., The implication was that the airplane structure shouli not fail
before reaching 6.0G in flight. There were no maneuver load limitations specified but there was the
assumed factor of safety of 2.0.

During the 1920's, operational flight load factors began to increase. In 1921, Reference 4 stated
that a load factor of 4.5 was sufficient for stunting based on flight tests using a JN-4H airplare.
The Air Corps, in flight tests conducted in 1924, recorded a load factor of 7.8 in a PW~7 airplane
flown by James Doolittle. This factor was the highest reached and occurred auring a sharp pull-up at
162.5 mph (Reference 5). The 7.8G compared to the theoretical maximum of 8.15G at C. max and a design
factor of 8.56. The 7.8 load factor certainly could not be considered in the "maximum probable load"
category when considering the factor of safety definition in Reference 1, but rather as an improbably
high load. Similarly, the thought that airplanes had an approximate factor of safety of 2.0 was more
of an opinion which was based on limited operational data and not on aerodynamic capability. Pursuit
airplane design load factors were increased to 12 when it was realized that the 8.5 design load factor
then in effect could be readily exceeded.

In 1927 (Reference 6), a Navy F6C-4 airplane developed a load factor of 10.5G during a pull up and
in 1930 (Referen.e 7) a PW-9 pursuit airplane reached accelerations up to 9G during flight load test
programs. Both of these airplanes were designed to ultimate load factois of 12G. However, there were
no further increases in pursuit airplane design load factors as a result of these experiences.

The Army, Navy and CAA began during the early 1930's to 'rationalize" their design requirements.
The objective was to relate the air loads more closely to actual flight conditions. This effort eventually
resulted in the introduction of gusc loading conditions, airplane speed, the V-G diagram and the use of
aerodynamic derivatives. A number of the more significant milescones in the evolution toward rational
criterla are described in Reference 2¢. The 1.5 factor of safety evolved from this ''rationalization"
process as an outgrowth of the flight test programs conducted.

The formal intruduction of a factor of safety of 1.5 into Air Corps requirements occurred in 1930
but it only applied to establishing design tail loads. The H1AD (handbook) design loads for the horizontal
tails at that time were admittedly arbitrarv and insufficient for the expected service of many airplanes.
Reference 8 established a new method which consisted of determining the steady-state flight path and
speed of the airplane with zero power, assuming a complete range of angles of attack frum maximum
positive to maximum negative, The balancing tail load was then computed for each of these points.
The balancing tail loads so defined were further adjusted by a velocity factor and increased 50 percent
for design, The 50 percent factor over the computud load was termed the factor of safety for material.
The adoption of this design teclnique also introduced the use of ailrplane speed and aerodynami. derivatives
(wing moment coefficients) as requirements.

The flight loads program reported in Reference 7 was the most comprehensive undertaken up to that
time (1930), It was conducted at the request of the Air Corps to determine the magnitude and distribution
ot loads over the wing and tail surfaces of a PW-9 pursuit airplane during maneuvers most llkely to
impose critical loads. The maneuvers included pull-upe, rolls, dives, and inverted flight. Pressure
diutributions and load time histories were recorded. The distributed loads measured over the tail
surfaces were two-thirds of the design loads and assuming that the factor of safety of 2.0 applied, the
report concluded that the denign load criteria should be increased. The same data in Reference 7 were
again evaluated in Reference 9.  In Reference 9, the authors assumed that the maximum operational loads
were the specified ultimate design loads diviaed by a 1.5 factor of safety. The measured tall loads
dactually were about two-thirds of the design values and helped to substantiate the 1.5 assumption,
although It was a weak assusption in a statistical sense. It was their belief that the requirerents
were based on "an anticipated load factor plus a margin of 50 percent to allow for possible immerfuctions
of material, approximations of analysis and general lack of knowledge of loads.” In Reference 7 and 9,
then, we see two conc luslons based on the same data., Each "conclusion" occurred by assuming a different
factor of safety,

Although some disagrvement and possible contusion seemed to exist, it could have been worse.
Presumably, 1f the 2.0 factor had been considered the norm, the 126 PW-9 airplane should not even have
been permitted to exceed $G.  Uf the highest 96 lead factor recorded by the PW-9 airplane had been
~onsidered and compared to the 12G design load factor, an even lower 1.33 factor of safety could have
been assumed when evaluating the flight data in Refereace 7. Now consider again the factor of safety
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of 2.0. 1If it was still the accepted norm as assumed in Reference 7, then the "new" conclusion in
Reference 9, that a 1.5 factor of safety prevailed during flight operations, was not adequately supported.
The assumed need for a factor of safety of 2.0 in 1925 was just as valid as assuming the 1.5 factor
existed in flight operations in 1931, Neither value could be substantiated statistically. Clearly, a
change in thinking had occurred as a result of operational practice and available flight test data.

Mr. Epstein notes in Reference 2¢ tiaat his thinking followed this pattern. In the early 1920's a
factor of 2.0 was considered necessary as implied in Reference 1 by Niles. In the late 1920's, actual
operational flying of the newer airplanes were coming closer to the ultimate load factor than earlier
models. Airplanes were flying up to two-thirds and more of the ultimate load factor and nothing was
happening to the structure; therefore, the evolution of thinking toward a lower factor of safety was a
natural one.

Mr. Shanley expressed similar thoughts in Reference 3a. He favored using a 1.5 factor of safety
to keep the permissible limit loads relatively high, as compared to a factor of 2.0. Although a require-
ment relating limit loads to the absence of permanent set had not yet been written, Mr. Shanley interpreted
limit load at that time as not exceeding yield strength.

As summarized by Mr. Epstein in Reference 2c, the factor of safety was considered a variable which
depended upon the sample of flight data used, and personal judgement as to the bases to be used in
assessing the factor. In terms of actual strength, there was no way of knowing a true factor of safety
in view of the limited knowledge of loads and stress analysis.

At this point in time, a factor of safety philosophy had essentially evolved, but had not been
formalized. Airplanes were flying at two-thirds of ultimate load factor, permanent set was not desirable,
permissible limit loads should be as high as possible, and a 1.5 factor was already in use to establish
design tail lcads. Yet, there was no formally cstablished relationship between design load factor,
maximum acrodynamic maneuver capability and operationel maneuve:r limite. These relationships would
evolve with the development of the V-G diagram.

The concept of a V-G diagram that defines the design boundaries of an airplane is generally attributed
to Richard Rhode. Prior to the adoption of this concept, the factor of satety had limited significance.
The diagram itself appears obvious and elementary but it represents a major milestone leading to rational
criteria. The Navy Bureau of Aeronautics was the first to specify this diagram, shown in Figure 3,
as a requirement in 1933.

In the interest of establishing standardized design requirements with the Navy, the Air Corps had
initiated a study of the Navy series of criteria specifications (Reference 10) in May 1933. The result
of this study is found in Referenrce 11, Much of the diagram's development effort evolved around the
definition of the upper left and right hand corners of the envelope. The Navy had specified rounded
corners, An existing Alr corps requirement called for the maximum load factor to occur at maximum lift
coefficlent and therefore recommended that the maximum acceleration and maximum 1ift coeffi:ient line
form the upper left hand corner. This point was adopted., For consistency, the lower left corner was
made the intersection of the negative maximum 1lift coefficient line and the negative design load factor.
The Air Corps also recommended that the upper right hand corner be a right angle to provide a definitive
low angle of attack design point.

To counter the argument that airplanes performed satisfactorily in service with reduced load
factors for this low incidence (angle of attack) corner, Mr. Epstein noted that stress analysis was
inherently conservative and the structure was actually stronger than analysis indicated. Further
evidence to justify a right angled upper right-hand corner was provided by data in Reference 12 where a
P-12C airplane was shown to have initiated a pull up from a vertical dive, starting at 250 miles per
hour. A maximum speed of 255 miles per hour was reached and a maximum load factor of 8.5 was developed
(at low angle of attack) at 248 miles per hour, which was only a slight reduction from the maximum
speed.

Maximum speeds were already defined for design purposes as either the terminal velocity in a
vertical dive, which was applicable for pursuit airplanes, or as a restricted speed given in a percentage
of high speed. These speed definitions were also used to form the maximum speed line for the V-G
dfagram. The upper and lower right hand corners were {inally adopted as right angle intersections of
the maximum speed line and the maximum positive and negative acceleration lines. With the adoption of
the V-G diagram, the tail load requirements of Reference 8 became obsolete because airplanes were then
required to be balanced for all points of the diagram.

The maximum design load factor boundary of the V-G Diagram had in essence alrecady been established.
The precedent not to design tu the maximum aerodynamic capabilitites of an airplane had already been
established in Refersnce 9, which states that, "If the attempt {s made to design present service pursuit
airplanes to take care of the highust accelerations so far observed, 10.5G, and still retain a factor
of safety of 1.5, £he ultimate design load factor would have to be raised to 15.75." This high factor
was felt to be unwarranted by virtue of the accompanying weight increase and loss in performance.
Therefore, the principle of not dusigning to the maximum vecorded load factors was recognized and the
maximum load factor boundary for the V-G diagram was established by the load factors then in use.

Having agreed on the boundary of the V-G diagram, the question of how to use the diagram in conjunc-
tion with the factor of safety as a design and operational boundary remalned to be resolved. The Army
and Navy differed in opiuion as to whether the V-G diagram should be an ultimate or a limit diagram.
The Navy V-G diagram represcented an elastic limit requirement. Yet the limit was difficult to define
because the Navy did not have a fired factor of safety., Appendix II of Navy Specification 55-1 (Refer-
ence 10) states that the raclos of ultimate strength to elastic limit strength should be equal to or
greater than 1,35 for all conditions except the dive, in which case the factor ie to be a minimum of
1.5. Wing cells were to be designed to any point within the V-G diagram without exceeding the elastic
limit of any structural member and the horizontal tail had to sustain the maximum balancing load multi-
plied by 1.5 without purs..ient set, and by 2.0 without failure. The Navy also had a flight V-G diagram
and a requirement that the tlight loads shcuald not exceed the elastic limit of the structure. Appendix
11 suggusted a factor of 1 05 or 1.10 as the flight elastic true (yield) factor of safety.

The Afr Corps study In Reference 1l recommended the adoption of a single factor of safety as a
preferable alternative to the variety specified by the Navy, Since an Alr Corps precedent for using a
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1.5 factor of safety had already been established, it was recommended that the 1.5 factor be adopted
for the V-G diagram. However, the Air Corps also recommcuded that the V-G diagram be an ultimate
rather than a yield diagram as the Mavy had Leen using it. The Air Corps proposed flight limits were
to be two-thirés of the ultimate factors shown by the diagram.

This design philosophy was incorporated into Revisfon 6 of the HIAD, dated March 1934 and the 1.5
factor of safety became a formal Air Corps requirement. The use of an ultimate V-G diagram was later
changed by the Air Corps to a design load factor diagram in August, 1936, when Specification X-1803 was
issued. Based on avsilable records, the reason tor this change in thinking is not clear. Apparently
the original concerns leading to the recommendation of an ultimate diagram must have been alleviated.

The original concern that led to the ultimate V-G diagram recommendation was related to the secondary
non-linear bending load effects with load factor found in the wing spars of bipianes and braced mono-
planes. An explanation of this concern is given in Reference 1 and relates to a DH-4 wing test as
reported in McCook Field Serial Report 2391. The report concluded that wing spars should huave suificient
lateral bending strength to prevent a tendency to twist under some wing lcading conditions. To prevent
lateral spar failure, the strength requirement for the internal wing drag truss was increased 33 percent.
The Navy engineers disagreed with tiwse of the Army regarding the need for the additional factors and
did not adopt them.

When Specification X-1803 was issued, this and additional drag truss design requirements were
given as part of the Wings and Wing Bracing classification (Figure 4). To insure tursional rigidity,
the design requirements for internal wing truss designs were increased as a function of the wing type
and ranged from a factor of 1.33 to 3.0. These factors were uscd in addition to the 1.5 factor of
safety. The change in thinking by the Air Corps, in going from the ultimate V-G diagram to the design
load factor diagram, seems to be related to a desire to standardize with the Navy, and a feeling that
the additional design factors would provide the desired strength. A possible third consideration may
have been the inherent advantages assuciated with using common envelope limits for both design and
operational purposes.

The Aeronautics Bulletin No. 7-A retained the previously described factor of safety philosophy and
the implied value of 2.0 until 1933. The 1934 revision involved a correlation of loading conditions
with actual flight conditions and it was necessary to redefine the design or "ultimate" load factor.

An "expected" or "actual" load factor was defined in conjunction with the ultimate load factor and a
factcr of gafety The ultimate load factor was divided by the factor of safety to obtain an "applied"
load factor which was not allowed to cause any permanent structural deformatfon. The actual stre-gth
requirement in the 1934 issue of Bulletin 7-A stated that, “The minimum factor of safety for any aircraft
structure or component therefore shall be 1.50 unless otherwise specified. This requires that the
ultimate strength of any member shall be at least 1,50 times as great as its critical applied load"
(Reference 3b),

Over the years, some writers have attributed the origin of the 1.5 factor of safety to the character-
istics of the newer 2024 aluminum (24ST at that time). It had a ratio of ultimate to yield stress of
approximately 1.5. Actually, the precedent of a 1.5 factor of safety (for design tail loads) had
already been established when the Air Corps formally adopted it for overall structural design. Mr. Epstein
has stated in Reference 2c¢ that material properties were not an Air Corps consideration. If they had
been, 17ST, which was the aluminum alloy used at the time, would have dictated a factor of safety of
1.7, since it had an ultimate value of 55,000 psi and a yield value of 32,000 psi. The corresponding
value of 4130 steel which was widely used at the time is 1.2. ‘The 1.5 ratio for the newer aluminum,
although not a direct influence on the decision to use a 1.5 value, did support the selection.

There were also opinions, as noted by Mr. Shanley in Reference 3a, which attempted to relate
airplane operation and permanent set of the structure, or a lack of it, to the selection of the 1.5
factor of safety. This is often cited as the basic reason for the choice of 1.5 rather than some other
number. The approximate 1.5 ultimate to yleld stress ratios of commonly used materials and the apparent
lack of permanent deformation appeared to mean that airplanes had not been developing more than about
two~thirds of their design load factor in flight. Hr. Shanley points out that he was not rconvinced
that the permanent get philosophy was a "sound argument, for at least two reasons!: (1) Jt did nnt
apply to compressions members that failed by buckling, and (2) tension members were almust always
critical at joints, for which the efficiency was generally below 80 percent." As previously cited,

Mr. Shanley's main reason for favoring a 1.5 factor was to allow limit loads to remain relatively high
(as opposed to the assumed factor of safety of 2.0), Since he also interpreted limit load as a require-
ment to preclude permanent set during normal vperations, he concluded that the only significance to be
placed on the two-thirds ratio was that it imposed no penalty on existing airplanes when working backward
from existing load factors, using a factor of safety of 1.5.

From the point of view of the Alr Force, the hiatory of the 1.5 factor of safety can hest be
summarizaed by several of Mr. Epstein's observations. In Reference 2a, Mr. Epstein noted that the
decision by the Air Corps to stipulate a 1,5 factor for subsequent design in conjunction with the V-G
diagram was supported by, and not the result of, the fact that the 245T Aluminum alloy material then
coning into use had a 1.5 ratio between ultimate tensile and yleld strength. He felt that the adoption
of the 1.5 factor of safety was much more significant (than any cofcidental association with material
properties), in that, its adoption in conjunction with the use of the V-4 diagram recognized “the
principle of an airplane being limited operationally to a flight envelope within which it would net
experience any significant permanent set."

He further notes in Reference 2¢ that, ''the factor of safety of 1.5 has withstood many moves to
alrer it, but there was a period in 1939 when the Chief of the Structures Branch of the Engincering
Division at Wright Field thought seriously of reducing the value of the factor. Newer aluminum alloys
were becoming available with highe: ratios of yleld fo ultimate strength, and he interpreted the factor
as the ratio of ultimate to yield. However, no action was taken when the following explanation was
offered: 'The factor of safety is not a ratio of ultimate to yield strength, but is tied in with the
many uncertainties in airplane design, such as fatigue, inaccuracies in stress analysis, and variations
of material gages from nominal values. It might also be considered to provide an additional margin of
strength for an airplane subjected to shellfire.'™




Finally, Mr. Epstein notes in Reference la that, "In subsequent years there have been various
assessments made as to the significance of the 1.5 factor of safety but actually its origin (in USAF
requirements) was an opinion of what was representative of service flight operations.”

The 1.5 factor of safety remains today in an intermittent state of assessment. Its use in U.S.
airplane design practice has never been formally designated as a fixed design entity or as a single
design entity, although it is often viewed in that sense. Other important structural design factors
affect safety, bt they are normally viewed in a less rigid fashion. Each factor that has evolved is
applied in a specific way. The 1.5 factor applies to the basic external ground and flight loads while
other supplemental factors apply, for example, to pressurized cabins, castings and fittings. The size
of the safety factors selected usually depend on the design application, manufacturing standards and
the intended operational use of the airplane which existed at the time they were adopted. Since
circumstances change, a review of the origin of each factor is always of interest and worthwhile.
Perhaps this review will help place the significance and future applicability of the 1.5 facto~ of :
safety in proper persgpective.

The remaining sections will discuss the history of other well known factors of safety and variations
to the factor of safety desigr concept from an Air Force perspective.

3.  DEVELOPMENT OF OTHER FACTORS OF SAFETY

As seen in the previous section, the 1.5 factor of safety did not evolve as the result cof a concerted
effort to derive a useful factor. It evolved together with other design requirements as part of an
overall desire to vationalize structural design criteria. Other commonly used factors of safety also
"evolved" in a similar, but more direct fashion than did the 1.5 factor of safety for airplanes.

The history of the 1.25 factor of safety for missiles as a requirement is relatively complete.
The factor evolved as part of an overall effort by the Army, Navy and Air Force to develop strength and
rigidity requirements for missiles. The derivation of the actual value of 1.25 which finally evolved
is not as well defined, however, at least with regard to Wright Field records. The value seems to have
evolved through a philosophical trial and error process. Missile strength and rigidity requirements,
including the 1,2> factor of safety, were formally published by the Air Force and the Navy in Specification
MIL-M-8856 (ASG), which was dated 22 June 1959,

Missile design requirement~ were actively pursued by both the Air Corps and the Navy but they were
preceded by those of the pilotless airplame. In 1945, the Air Corps compiled requirements for such
vehicles. The document, "Stress Analysis Criteria for Winged Missiles," did, in effect, apply to
pilotless airplanes and was derived from Specification C-1803-12, This specification retained the
airplane factor of safety of 1.5. The Navy wrote a "General Specification for the Design and Constyxuction
of Pilotless Afrcratt,” in April, 1949. This document was referred to the Aeronautical Standards Group
(ASG) by the Navy in December, 1949. A letter from the ASG to the Chief of Ordinance (Pentagonm),
recommended coordination of the specification with all branches of the services.

In 1952, a tri-gervice Guided Missile Task Group was formed by the Office of Standardizationm,
Defense Supply Management Agency. The task group was composed of five subcommittees, one of which was
to prepare structural criteria and data requirements., This subcommittee first met in January, 1953.
The Wavy wrote the firat draft of a guided missile strength and rigidity specification for the Criteria
Subcommittee in February, 1953. This draft syecification required a 1,15 factor on yield strength, a
1.5 ultimate factor for loading conditions nazardous to personnel or to the launch airplane, and a 1.0
ultimate factor for all other loading conditions.

The Ailr Force, prior to this time, had been using a variety of ultimate safety factors including
1.0, 1.15, 1.25, 1.30 for its winged and ballistic¢ missiles. Occasionally, more than one factor was
used on the same missile as occurred on the Matador. The ultimate factor changed from 1,15 to 1,25
between early designs and the "B" model. At the time the above Navy draft specification was written
(1953) the Air Force had already informally established the 1,25 ultimate factor of safety as a standard
value for missiles. [his diffecence in Alr Force and Navy factor of safety philosophy bucame very
evident by the third meeting of the Criteria Subcommittee and the factor of safety became the most
controversial issue to be resolved.

The matter was "resolved," as noted in the next draft specification, by deleting the use of any
specific factor of safety and allowing each user of the specification to insert thelr own value. This
approach to the factor of safety disagreement appeared in what was termed the "final draft® of the
specification in June, 1934, However, the actual finalization of the specification draft took considerably
longer.

The Army had initially participated with the Air Force and Navy during the first few meetings of
the committee but did not attend after October, 1953, The Army Ordinance Corps felt that the state-of-
the~art did not warrant the issuance of a specification ut that time. They did, however, submit comments
on later drafts when they were circulated for coordination, The comittee's final draft did not circulate
for formal coordination until July, 19535, and all activities werc torminated in March, 1956. The
remaining tri-service coordination activities were assigned to the Navy Bureau of Aeronautics, Director
of Standardization.

Changes continued to be made to the "final” draft and several iterations aevolved. In the June and
December 1957 4rafts, the factor »f safety wae reinstated but in a different form than had been used
previously. A cholenr was given to the user, He could select factors of 1.0 yield and 1.33 ultimate,
or (.15 yield and no ultimate factor. Why chis choice of factors was inserted and why the 1.33 was
selected is not clear from available Air Force records, The 1,15 factor was a standard Navy yield
design facter and vriginally recommended for missile applications by the Navy, as previously stated.

The 1,33 value was a common factor used for pressure vessel designs, which was a major design aspect
for many miseilss. The apparent intent was to allow reasonable design trades betwsen structural componuents
which were designed principally by pressure considerations and those that were not.

A revision to the December, 1957 draft, dated September 1958, revised that factor of safety to 1.0
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for yield stresses and 1.25 for ultimate stresses. This represents an apparent change in Navy design
philosophy. The 1.5 ultimate factor was retained for handling and flight launch desiga conditions.
The December, 1958 draf. and the final published specification retained these factors which are still
in use today. Although MIL-M-8856 was published in final form as an Alr Force-Navy specification, the
Army still retains an interest in it and is kept informed when revisions are made.

The most interesting aspect of the missile specification is not the formal introduction of the
1.75 factor of safety to structural design, but the introduction of probabilistic design techniques.
Tne specification requirements stipulated that "all combinations of loads and loading conditions having
an acceptable probability shall be considered." A specific requirement was imcluded for the design
limit incremental gust response on a reliability basis. A probabfility of ey :ece.snce was stipulated for
the design of air-to~air, surface-to-surface and surface-to-air missiles. Sir.« tural load responses to
gusts were to be derived from the method found in NACA TN 4332 (Ref 13) and 2 -lefinition of the a~tmosphere
in power spectral density form was taken from NACA Report 1272 (Ref 14). The probabilistic gust require-
ments replaced the original discrete gust requirements found in early drafts of MIL-M-8856. The
earlier discrete gust requirements were patterned after airplane requirements and were vigorously
cbjected to by the aircraft industry. The industry also emphasized the need for a common atmospheric
description for the design of the structure and the control system. Probabilistically defined wind and
gust descriptions were included in the final specification.

In all, zn extendeu period of time was required to develop, coordinate and issue the original MIL-
M-8856 (ASG) missile specification, but many of che requirements were new and never before formally co-
ordinated between the Services.

A related side light is the development of the 1.4 factor of safety which is used for manned space
vehicles. This factor originated within the Aircraft Laboratory, Wright Air Development Center (WADL).
The factor was defined by the same office responsible for all other Air Force airplane and missile
criteria (Reference 15). The 1.4 factor grew out of a laboratory study to evaluate the applicability
of tne 1.5 factor of safety for large separable boosters for manned space vehicles.

The Dyna Soar (X-20), manned maneuverable reentry system, was under development at the time and
the booster systems were an integral part of the development. The manned glide re-entry vehicle was
being designed by the 1.5 factor of safety, but the factors spplicability to the booster was questioned.
The lahoratory study considered the usual design, construction, and manufacturing limitations and
interactions, but the material properties provided the major weighting factor. The ultimate to yield
stress ratios for the two candidate Dyna Soar booster materials were nearly identical. To maximize
structural safety and efficiency, the material characteristics were reviewed and safety factors were
chosen to bring the design working stress closer to the design yield stress. Because of the uncertainty
related to the design of large, integral pressure vessles in combination with flight loads and tempera-
tures, a 1.1 factor on yield was selected in combination with a 1.4 factor on ultimate. The study
conclusions emphasized that high safety factors and high reliability, are not necessarily equivalent,
uor do they negate the problems of inadequate deaign practice or analysis, ineffective quality control
or prevent brittle material failures. The yield and ultimate factors were to apply te all combined
aerodynamic, inertia, pressure, and thrust leoads for buth the solid and liquid propellent boosters then
being considered. The liquid booster propellant tanks, however, when subject only to pressure loads,
were 1o be designed to a 1.2> ultimate factor because the internal pressures were considered more
predictable than those in a solid propellant booster.

The 1.4 ultimate factor of safety, as initially developed, was intended for a specific vehicle
design, the X~20 booster. It was not intended for broader application or to be used without the 1.1
factor on yleld stress. Its use established a precedent, however, and it has since been quoted in many
publications. Presumedly, the two factors are still considered applicable to current designs, as they
kave since appeared in both Air Force and NASA design requirements for manned space vehicles,

Currently, both missile and space vehicle structural design philosophies are factor of safety
oriented. However, the overall design requirements for these vehicles are more closely related to a
reliability-based criteria than are current airplane designs. In the next section, other basic concepts
which relate to both airplanes and missiles will be reviewed. These concepts will include modifications
to the conventional fartors of safety, and certain rellability-based criteria interactions.

4.  FACTOR OF SAFETY DESIGN CONCEPTS

The desire to "rationalize" design criteria has never ceased. Structural design requivements
(Military Specifications, for example) are in a constant process of review and revision. Because of
its encompassing influence on structural design, the factor of safety has received considerable attention
in recent years. This attention, though, relates primarily to the factor of safety as a design concept,
The specific value of the factor of safety 1s usually a secondary consideration. The actual value does
not teadily equate to a specific level of safety, and {t is difficult to judge the difference ir safety
ag related by a change In factor from 1.5 to 1.4, for example. Similarly, the factor of safety concept
does not readily equate to an identifiable design objective that provides or defines structural integrity.
Integrity is achieved through many interacting design facets, some of which are obvious and some abstract.
The concept primarily provides a "safe” operating margin between an operational and design level of
strength. Just how “safe" this margin makes the airplane is always open tn question because of numerous
unknowns and paramzter variations which affect structural loads, design, analysis, materials, operationm,
and the natural environment. Because of these unknowns and variations, the actual deg ee of structural
optimization achicved {s also questionable. The apparent high degree of structural integrity achieved
tr the factor of safety concept 18 often the result of indirect, intuitive considerations and reactions
to previous problems. Design and operational experience has easentially provided the basis for the
"acceptability" of current requirements and the "safety" provided by the factor of safety concept. To
overcome this apparent lack of precision, definition and objectivity and improved design flexibility,
the use of probabilistic techniques and reliability-based design criteria are often proposed.

Having revicwed the history of several well known factors of safety for alrplane and missile
design in Section 1I and III, we can now review a number of Air Force studies of variations to these
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factors and note their iniluence on current design practice. Thése variations to current factor of
safety design concepts tend to blend with reliability-based concepts. One effectively leads to the
other because some of the variations are an attempt to "rationalize" criteria and are intended to be a
step toward a reliability-based criteria.

The operational envircnment has become increasingly hostile, and more and more demands are made of
the airframe., To improve airplane performance and accurately appraise structural design requirements,
established criteria must be ceatinuously updated and supported by adequatz technology. The technical
support must include analytical techniques for determining aerodynamic derivatives, vehicle dynamics,
heat transfer, strcss-temperature distributions, material properties after prior random exposures, a
suitable means of qualifying a structure to actual or reagonably representative envircnments, and a
satisfactory means of flight test demonstration. Regardless of the design concept, the parameters that
affect the structure and its response must be further explored. A realistic appraisal of our current
ability to guarantee the design of a reliable structure and te define the steps required to obtain a
reasona“le assurance of structural reliability is also required (Reference 16).

Statistics have formed a basic part of airplame criteria from the time that sufficient data were
available to judge zhe reasonableness of values used for maneuver load factor and design gust (Refer-
ence 1€). Material properties, sink speeds and other parameters used for estimating fatigue life are
also derived statistically., However, all current requirements for static strength call for a specific
factor of safety to be applied to maximum expected loads even though some of the design parameters and
resulting loads were statisticzlly derived.

For about two decades, which span the 1950's and 1960's, two additional design concepts, "safe-
life" and "fail-safe,™ have been used in combination with the factor of safety to design military
airplanes for the fatigue or repeated load environment. Chief emphasis has been placed on ths factor
of safety and safe-life zpprcaches. The fail-safe concept is added to a de~ign when high reliability
is required (as in transport airplanes) or when performance penalties are not incurred (as in fighter
airplanes). The safe-life concept attempts to identify, through analysis and test, the fatigue critical
areas of the airframe and off-set problems which might cccur within the specified life-time of the
airplane. This presents a "conflict" between the non-probabilistic factor of safety concept and the
probabilistic concept of safe service life. Faced with an increasingly complex operating environment
and a demand for more reliable (economical) airframes, the designer has attempted to make the most of
each concept. The factor-of-safety, a static strength parameter, will uot provide for time varying
affects, and the safe-life concept suffers from a lack of appropriate uperational and structural component
test data. Therefore, the task of designing a reliable structure has been to incorporate analysis
nethods which combine the useful functions of each concept (Reference 17).

More recently the term of "safe-life" has become obsolete and the terms 'damage tolerance" and
"durability" have been introduced. The design intent to provide structures that are safe and economical
to maintain has not changed but the approach is different, The current Air Force design philosophy
emphasizes both the damage resistance or tolerance to manufacturing or service induced flaws for some
specified period of service usage and the economical maintainance of the airframe.

The term damage tolerance is not new, but the emphasis on assumed initial or service induced flaws
in the airframe is relatively new. The damage tolerance concept is intended to minimize catastrophic
structural failures due to the propogation of undetected flaws in critical locations. To contain the
damage, fall-safe and slow crack growth design concepts are used. The fail-safe concept contains local
damage by use of multiple load paths and tear stoppers. The slow crack growth concept protects safety
b not vermitting flaws to grow through unstable rapid propagation. This is done through inspections,
or life limiting in the case of non-inspectable structure.

The durability requirements emphasize low maintenance costs during the life of the airframe, The
durability concept is intended to minimize airframe maintenance due to cracks and related structural
degradation. The safe-life concept used a factor of 4.0 in predicting fatigue life and was a ccmbined
deterministic/probabilistic concept. In essence, the damage tolerance concept (which does not use a
directly applied facter) can be considered as deterministic as the safe-life concept because the stipulated
initial flaws are in fact, factors of safety on time,

The most argued "advantage" for reducing the factor of safety is the reduction in airplane weight
and the accompanying increase in performance. An impressive discussion in favor of reducing the factor
of safety to save weight is provided in Reference 18, which was written in 1954. The discussion considers
permanent set, allowance for defects in material and workmanship, stiffness, and maneuver load exceedances.
Proper accounting of these points during design is shown to support a decrease in airplane weight. The
arguments seem factual and are still current. Some facets can be updated to todays design philosophies
and technology to further support the contentions given., The auvantages to reducing the factor of
safety are shown by decreases iu gross weight as a function of factor size and proportionate increases
in performance for representative military airplanas. Of special interest is the note that airplanes
frequently exceed design limit load factors and that such factors may require an increase, rather than
continuing to count on the 1.5 factor of safety to cover such occurrences. The projected control of
limit load factor exceedances by the use of entirely automatic flight control systems has not materialized
for piloted airplanes but is quite common for misailes and space craft.

Reference 18 also points out the erroneous idea that the 1.5 factor of safety always provides an
actual operational level of strength 50 percent above limit load factor. Structural design procedures
assume a linear load increase between limit and ultimate load when the 1.5 factor of eafety is used.
Ppue to aerodynamic nonlinearitics, some parts of the eirplanc reach loading conditions greater or less
than 1.5 times the limit load when the airplane achieves ultimate load factor. Operational conditions
and related design requirements also impose different strength requirements on specific components at
different times, For any one design condition there will be an "imbalance" of strength distribution
throughout the alrframe. This can be minimized but cost, schedules and the lack of appropriate aerodynamic
load data early in design often hinder the development of a more efficient, or "balanced" airframe.
Then, again, there are many unknowns regarding the influence that a weight reduction program may have
on the airframe in later years, or 1f the weight savings will significantly improve performance and
reduce operational cosrs,

The significance of reducing airframe weight fractions below current averages in terms of performance,
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lifetime operational costs, and structural maintenance, is difficult to evaluate. System dependency,
the initial level of structural design conservatism, the increasing 3everity of operational environments,
and damage tolerance design requirements further complicate the evaluation. Factual design inter-
ections can be established best when aesign flexibility is highest, early in design. Yet, factual
design and operational usage data are normally not well defined early in design. Weight reduction
programs are often conducted "after the fact,” concentrate too heavily on reducing only airframe weight,
and minimally evaluate the many ciher less prominant but impertant performance and design interactions,
Although cost savings are often correlated with airframe weight, the probability of actually reclizing
the theoretical savings shown, or projecting the impact of the "savings" on structural maintenance and
relinbility, are seldom evaluated. Many of todays aerodynamically efficient airplanes are volume
limited, rather than weight limited, when loaded. Hence, the airframe weight saved does nct necessarily
provide a performance or operational advantage and could possibly be put to better use by improving the
durability ot the airframe. Unfortunately, very little factual data is available to accurately weigh
the validity of these points.

Any change in structural weight is further reflected as an even larger change in gross weight.
This relationship is described by a "weight growth" factor which is the ratio of the delta change in
gross weight f{or each one pound change in structural weight. A certain range or value of weight growth
factor can be used to describe an airplane category (transport, fighter, or bomber) but a specific
factor must be calculated for each airplane to be accurate. Although airframe weight trends have not
varied significantly in recent years, weight growth factors have been decreasing and the uverall sensitivity
of airplane performance and operating costs versus structural weight have also been decreasing. The
reasons fur the change in sensitivity are related to technologicel improvements. These improvements
include the use of more efficient materials and construction tecaniques, greater aerodynamic and
propulsion efficiencies, and higher internal packaging densities. Conversely, the structural weight
trends (as described in Reference 19) show an inseusitivity to higher strength to weighc materials and
related structural improvements., Apparently, increases in structural efficiency are offset by the
imposition of more severc design and operacional requirements.

The influence of current structural design concepts and packaging density can be illustrated by
reviewing the wing content and structure of a curremnt fighter airplane. The installed wing structure
weighs about 1800 pounds. The primary wing bending strength is derived from the upper and lower wing
box skins which weight about 735 pounds. A factor of safety change would have the largest impact on
the wing skins which comprise about 40% of the total installed wing structural weight. A large percentage
of the total wing weight is composed of the flaps, actuators, and seals. These and other miscellaneous
components would not be greatly affected by a change in the structural factor of safety.

Recent examples of the factor of safety's influence on alrframe weight have resulted from an
unof ffcial Afr Force desiga philosophy for experimental or prototype vehicles. The unofficial philosophy
modifies the normal airplane development cycle which includes a series of ground and flight tests to
validate airframe integrity. Initial flight tests are normally restricted to 80 percent of certain
design maneuver load levels, until ground static tests are completed to ultimate load levels. Flight
test airplanes are normally instrumented and critical load points are closely monitored. Flight and
ground test loads are then correlated and ground tests are repeated, if necessary, to further validate
the structure for the actual flight loads before the airplane is released to fly st 100 percent of
design limit load. Such testing is complicated, expensive and time consuming. Although justifiable
for an airplane system, when structural efficiency must be optimized, experimental and prototype vehicles
cannot be as rigorously tested because of cost and time constraints. To insure equal flight safety at
100 percent of design limit load, without the extensive testing and associated delays, the following
procedure has been established:

a. The new experimental/protutype airframe or modifications to existing airframes are designed
using a 1.875 factor of safety on loads, which is equivalent to a theoretical msrgin of safety of
+0.25, The initial 80 percent flight restriction normally imposed on an airplane system is also equivalent
to a 40,25 margin of safety,

b. The experimental/prototype airframe is stress instrumented at critical design points and
proof tested on the ground to 110 percent of design limit load, to insure design/manufacturing integrity.
The installed instrumentation 1is further monitored in flight and compared tc the proof load results as
a further safety check.

1f this design procedure is used, the airplane is allowed to fly at 100 percent of design limit
load capability without an ultimate load ground test and without reducing overall safety. Actuzlly,
the 1.875 factor and 110 percent proof load test provides a larger ultimate/limit ratio (1.7) than the
conventional ratio (1.5)., Therefore, testing to 110 percent of limit load is less likely to cause
detrimental yielding of the airframe than conventional testing to 100 percent of limit load. For the
experimental/prototype vehicle, the philosophy imposes no real penalty because of its "one-of~a-kind"
nature and flexible mission status., Two examples of this philogsophy will be discussed in the following
paragrapha,

The first example 18 a prototype Mach 2 fighter airplane design which emphasized exceptional
maneuverability and typizal mission objectives. This prototype design was to be built and used as a
technelogy advancement demonstrator; the design was completed but manusiacturing pians were cancelled.
The technology objectives tave been rechanneled to an existing afrplane which will be modified instead.
During the design of the proposed demonstrator, a dual alrframe comparison was made using the 1.5 and
1.875 factors, The comparison evolved as follows:

a. The design requirement specified the use of a 1.875 faotor for flight loads. Computerized
design techniques and a highly detailed finite element structural medel were used. The available
design/analysiy flexibility allowed the weight of the airplane and airframe to be established separately
tor both the 1.5 and 1.875 faectors.

L. Two welght comparisons were then established: (1) The airplane gross takeoff weight
uging the 1.5 factor was 26,465 pounds, Using the 1.875 factor it weighed 27,056 pounds, or an increase
of 2.2 percent, (2) The structural weight using the 1.5 factor was 5,095 pounds. For the 1.875 factor,
it was 5,433 pounds, or an Increase of 6.2 percent. These welghts reflect a design service life of
12,000 hours (a service life of 3,000 hours and a scatter factor of 4.0).
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The weight growth factor was calculated to be 1.75 (pounds gross weight increase for each pound of
structural weight), whick is a reasonable value for a fighter airplane.

The second example is the YF-16 prototype airplane. The 1.875 factor was applied to the flight
loads and increased the structural weight by 6.6 percent when compared to the 1.5 factor. The weight
increase has not been detrimental to its overall performance and would be further minimized if the
1,000 hour design service life of the prototype airplane were increased. The weight increment caused
by the larzer factor to safety would be partly absorbed by the weight increace required to meet the
service life requirements.

Using the same design analogy, a comparison of the weight increase required for different service
lives can be seen in another design study of a fighter technology demonstrator of the same weight
class. For a 1.875 factor of safety and a scatter factor of 4.0, the airframe delta weight increased
about 25 pounds per 1,000 hours of service life. Because of the 1.875 factor, no additional weight was
required to achieve th: first 1,500 hours. Damage tolerance requirements were not applied during this
study but they would have further influenced the airframe weight, increasing it to some degree. Similarly,
the 1.875 factor woulé have lessened the weight sensitivity of the airframe to these requirements.

1f, instead of increasing the margin of safety by 25 percent, it were decreased by tne same amount,
a similar airframe delta weight could be expected for the technology demonstrator. As noted in Figure 5,
which is based on the first example, the factor of safety equivalent to the 25 percent margin of safety
reduction is 1.125. The use of this "small" factor, when compared to the 1.50 nominal factor, would
probably not be considered by a designer even if a large reduction in airframe weight were desired.
The airframe weight reduction shosm (6.2 percent) may be optimistic because the normal damage toler-
ance/fatigue life requircwents are not incorporated. A 1.25 factor of safety is perhaps a more reasonable
value to choose and is shown for comparison. It would provide an approximate 4 percent weight saving
and 2 16.7 percent reduction in margin of safety. These percentage weight changes and margins of
safety are reascnable and reflect current jet fighter design technology trends. Similar data can be
found for other airplane types in References 18 and 20.

Reference 18 reflects technology of the 1950's but the trends are still applicable. Data is given
for fighter, bomber and transport airplanes and factors of safety between 1.0 and 1.5. The average
structural weight saving shown for the three airplane types using a factor of safety of 1.4 would be
2.5 (40.25) percent as compared to a 1.5 factor. If a 1.25 factor of safety were compared to a 1.5
factor, the average structural weight saving would be 5.0 (+0.75) percent. Although these structural
weight trends are still current, the range and gross weight trends in Reference 18 do not represent
today's airplanes asc well. The range increases shown for the lower structural welghts assumed a weight
growth factor of sever for all three airplane types and additional fuel was substituted for the gross
take-off weight "saved."” Using these assu..ptions, jer fighters are shown, for example, to yield a 15
percent range increase and jet bombers a 5 percent range increase or an average of 10 percent for both
airplanes. These range increases are vased on a gross take-off weight and fuel adjustment that averages
15 (#3.5) percent when a 1.25 factor o+ safety is used. These gross weight and fuel adjustments would
average 6 (+1.25) percent when a 1.40 factor ot safety is used.

The weight growth factor of seven and the substitution of fuel for gross weight "saved" will give
optimistic gross weight decreases and range increases today, since weight growth factors are less.
Factors in past years for airplanes have ranged from about five to ten. The weight growth factor for a
fighter today would be about two instead of seven and for long range airplanes like bombers and transports
a value of five would be appropriate. To illustrate, the trend in Reference 18 for a fighter and a
weight growth factor of 7 gives a gross weight savings of 17 percent for a factor of safety of 1.25.
The fighter technology demonstrator study gives a gross weight savings of 2.4 percent for a factor of
safety of 1.25 and a growth factor of 1.75. For the same factors, Reference 18 gives a gross weight
savings of 13 percent for a bouber as compared to 6 percent in Reference 20, which used a growth factor
of 5,50, These are only trends, however, and they are debatable, since weight estimating and the
establishment of welght growth factors is a sensitive art. To establish accurate values, the factors
must be based on a detailed evaluation of a specific alrplane and its tasic missions.

Reference 20 presents a simplified but constructive parametric study of the factor of scfety.
Three different vehicle types were selected and designed using a range of ultimate factors of sufety.
For comparison, three other structural design concepts were included: the modified fac.or of safety
concept defined in Reference 21, Part I; a yield factor of safety concept; and a reliatility-based
concept.

The conventional factor of safety was applied to the limit design loads of each vehicle in “ncrements
between 1.0 and 2.0. The modified factor of safety concept applied a factor of 1.05 to speed. 1,15 to
maneuverability and 1.10 to design loads. A yield philosophy applied factors of 1.0 and 1.10 to design
limit loads.

The demonstration included cruise, ballistic and glide re-entry type vehicles. Althouzh hypothetical
mission profiles and performance figures were used, they were patterned after real vehicl:s and designed
to realistic structural requirements. The structural concepts used were wmonucocue, semi-monoroque,
truds, pressure stabilized and sardwich honeycomb. Two structural concepts were apglied %o each vehicle,
as appropriate to the vehicle type, and radiating and ublative thermal protection syntems were applied
aseperately to the re-entry vehicle.

The conventional factor of safety philosophy normally considers only one factor to establish
ultimute decign loads, without regarding the variables contributing to the limit icads, The yileld
design phliosophy uses a single factor of safety to prevent the design limit stresses from exceeding
vhe material yield stress; an ultimate load factor is not used. The modified factor of safety phiicsophy
also applies a factor to the design limit loads, but these loads are firsr estalliched by factortag two
performance parameters, as previously noted.

A reliabil“ty based design philosophy normally conside»s the statusticul distribution and the
probability of the combined occurrencs of a finite number of srructural design €aztors in order to
establish design loads. In Teference 20, the various factor of safety deiign philosopniee were also
compared to a otructural reliability vaiuve. The reliability vaiue was establisued by coasidering the
statistical distcibucrions and the simultaneous occurrence of two statistically varian. design factors.
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The parametric study considered both rigid and flexible structure and aerodynamic heating effects
when applicable., Weight, weight distribution, and stiffness characteristics were determined for each
major component., These parameter variations were correlated to each vehicle's performance and structural
reliability.

The scope of the investigation can be considered limited, in that, the structural concepts used
were simplified, the analysis methods were not elaborate, and only one critical design point was selected
for each vehicle. However, structural weights were optimized, the effects of plasticity were accounted
for, and interaction equations were used to account for local and general instabilities caused by
combined loading.

The cruise vehicle design 1s similar to a B-52 bomber in performance, size, weight, and structural
flexibility., Gust and maneuver were the critical design conditions. These two~parameters formed the
loading interaction curves used to establish an equivalent reliability-based design, as shown in Figure 6.
By using available gust and maneuver statistics, the most probable combination of the two design parameters
that could cause structural failure at each strength level were located on the interaction envelopes,
as shown in Figure 7. Although not an optimum design, considering the complexity of other reliability-
based concepts, the most probable failure point is used to illustrate that a lighter structure can be
achieved by a reliability-based concept, as compared to a factor of safety concept, even though both
provide the same (theoretical) reliability.

The weight reduction for the equally reliable design is achieved by bringing the strength of the
individual components closer together. This is similar to using different factors of safety to contour
the shape of the interactlon curves of overstrength components to fit the shape of the composite failure
boundary of the vehicle., This caxes advantage of the fact emphasized in Reference 18, that all components
do not reach 150 percent of limit load simultaneously. Part of the study results for the cruise vehicle
are shown in Figure 8.

The range increases shown in Figure 8 are the result of decreases in the inert (empty) weight of
the vehicle. The ratio of inert weight change to structural weight change is about 2.0 and the growth
factor between structurzl weight change and gross take-off weight change is about 5.5. The decrease in
inert weight due to the structural weight change, for example, when using a 1.25 factor of safety is
about 11 percent, which increaces the range 1.6 percent. The dramatic performance increases often seen
in such comparisons is not seen here because of the more realistic value of the weight growth factor.
The substitution of fuel for either the inert or gross weight saved, although a fuel substitution for
inert weight saved is shown, is not considered a realistic design trade. The performance of a specific
airplane design is normally optimized using available fuel volume; any additional structural weight
saved as a result of a concerted weight reduction program would normally enhance the performance based
on the original fuel volume, independently of additional fuel.

Fatigue life and flutter were not design considerations in Reference 20 and their interactions
are unknown. Similarly, the probabilities shown in Figure 13 are based only on the interaction of gust
and maneuver loads and do not consider other facets such as material properties and workmanship that
would also affect the structural reliability.

The gross trends established in Reference 20 should not be significantly affected by the limited
scope of the study and the use of simplified structural models. As a general trend, the reliability-
based design concept provided a lower structural weight and better performance than did the factor of
safety concept having an equal reliability. The modified factor of safety concept gave results closer
to the reliability-based concept using two parameters than did the single factor of safety used to
obtain the ultimate design loads.

Theoretically, a higher confidence can be placed in a structure designad by a rellability concept
than by a factor of safety concept because the actual reliability of the factor of safety design is
never known. The reliability-based concept, by contrast, considers the statistical nature c¢f the
design parameters and thus acquires a known reliability and the associated confidence level of the
statistical data used. In a practical sense, however, this is not true because the design parameters
are not well defined and the actual reliability of the struccure cannot be authenticated.

The modified factor of safety concept, as incorporated in the comparative factor of safety study
in Reference 20, is documented in Reference 21, Part I. The concept was developed as an interium
design method to be used until a larger number of parameters could be defined and a formal reliability-
based concept established. In Reference 21, forty-one design parameters are described as significant
to a reliability-based structural design ~oncept. Fifteen are related to the design environment and
operating conditions. The related analysis parameters are: aerodynamic forces, propulsion system
forces and pressures, material properties and property variations, thermal stresses, creep of materials,
weizht and weight distribution, composent misaliguments, construction, propulsivn system thius”. misalign-
ments, aero-elasticity and aerothermoelasticity, buffeting, flutter, shock and vibration, workmanship,
fatigue, noise, fuel sloshing and surging, structural temperature, ablation, corrosion, oxidation, aud
erosion.

As a concept, the modified factor of safety can be applied to any vehicle design but it was originally
developed for missile design application. The use of three parameters seemed feasible within the
current state-of-tbe~art and the concept 1s considered to be more '"rational" then the ultimate factor
of safety concept because it recognizes parameters other than load as significantly affecting struc-
tural integrity and reliability. Although the structural reliability of a missile design using the
1.25 factor of safety could not be given a numerical value, the reliability seemed high, and the three
factors gselected (1.05 on speed, 1.10 on loads or "gquality," and 1.15 on maneuverability) were chosen
to give a combined strength affect similar to that provided by the 1,25 factor. The 1.05 factor on
speed 1s significant because, for some missiles, small increascs in speed result in rapid degradation
in structural capacity due to material degradation with rising temperature. Thus, with the initial
design based on a higher speed (and heace higher temperature) the designer is forced to avoid the use
of materials which are unduly sensitive to temperatures. The 1.10 "quality" factor is applied to the
structural loads incurred at specified "maximum" design conditions rather than at conventionally
detined "limit" conditions. This concept more rationally accounts for the nonlinearities in aeroelascic
and aerodynamic data that frequently occur between limit and ultimate (design) conditions. The 1.15
factor is applied to the maneuver load factor to protect the vehicle from inadvertant maneuver exceedances,




The modified factor of safety concept was used to design the ASSET glide re-entry vehicles. ASSEL
is an acronym for Aerothermodynamic/elagtic Structural Systems Environmental Tests. The ASSET program
consisted of designing and flying a series of winged glide re-entry vehicles which were boosted into
sub-orbital flight paths. Each vehilcle was designed to explore an area of glide re-entry technology
that could not be defined in existing ground test facilitiles. Structural flight test results and data
correlations which substantiate the adequacy of the design concept, at least for vehicles having a
programmed trajectory, is given in Reference 22.

For an airframe that is not aerodynamically heated, the "load factor" parameter 1s usually sufficient
to convey its overall strength capability. With the introduction of transient stresses and reduced
material properties due to thermal gradients, thtere is no simple method for conveying strength capabilaty
(Reference 24), Although a "thermal factor of safety" 1s net necessarily a "true" factor of safety in
the conventional sense, it represents a design concept that is intended to provide an equivalent measure
of conservatism and confldence in the heated airframe as that provided by the conventional factor of
safety in the cold airframe.

To date, unofficial Air Force policy has been to avoid using any factor orn temperature, or heat
transfer, or on time at temperature for zirplanes. This has been a reasonable policy, since service
experience has demonstrated that there is little problem in keeping within a speed-altitude design
envelope. Thus, in a sense, the temperatures normally used for design represent the actual maximum to
be expected for the structure. This philosophy of not factoring temperature is an apparent contradiction
when compared to the philosophy of factoring limit load, which i35 also considered the waximum to be
expected (Reference 16).

The factors of safety used in conventional airf{rame design to incorporate conservatism also apply
to aerodynamically heated airframes, but the conventional factors do not account for the additional
uncertainties associated with elevated temperatur:s. The additional conservatism must relate directly
to the uncertainties associated with the prediction of structural temperatures and thermal-structural
design analysis, However, the fact that an airframe may have been built to resist aserodynamic heating
effects does not necessarily fimply an increase in conventional design and manufacturing deficiencies.
Initially, the use of relatively unfamiliar materials and forms of construction in the heated airframe
and the need for computing structural temperatures with only a limited amount of flight test information,
does tend to increase the likelihood of deficiencies. In time, however, these considerations improve
and the modification of conventional structural safety factors is not warranted (Reference 23).

As part of an overall Air Force effort to establish a rational design criterion for aerodynamically
heated airframes, the velocity factor has evolved as a simple and expedient way of providing and controlling
thermal-structural design conservatism throughout the design cycle. The details of this concept are
developed in Reference 23. The techniques investigated included factoring structural loads, temperature
or heat flux, angle of a*tack, velocity, and atmospheric dencity. It concluded that only factors on
velocity or structural temperature (or heat flux) are likely to provide an adequate margin when considering
the exceedances of performance variables. Of the two choices, the factor on velocity is considered the
more logical. The velocity factor provides conservatism in a uniform way at each point in the design
mission as a function of Mach Number and the selected size of the velocity factor controls the imposed
conservatism.

A thermal factor of safety on loads would introduce an arbitrary (unknown) conservatism; however,
a direct, rather than a presumed, margin of safety would exist at the operational level if margins were
placed on performance variables instead. Factoring a performance parameter (speed) provides conservatism
in a way parallel to that achieved by factoring loads and is yreferred to factoring temperature or heat
flux since performance margins intrc luced over operational levels are more evident and controllable.

By requiring a design speed beyond limit, the velocity factor, is in a sense, a factor on heat
transter. However, to specify a direct and specific factor on heat transfer would be a design weakness,
in that a number of analytical techniques may exist for a particular area and flight regime, with a
large spread in the values they provide. From a structural point of view, the factor of safety should
be associated with a particular analytical method. For ablation, varied factors of safety have been
used (generally to factor the thickness of the ablator), with dif ferent considerations being given to
each particular flight application and for applications of the materzinl as .n insultatior. A factor
may also be used to represent a combined factor on heat transfer and on the scatter of the ablative
material characteristics. Factors of safety relating to thermal-structural applications can only have
nmeaning when related to the trajectories or flight paths for which they are needed. A factor of safety
on a nominal trajectory may be appreciably higher than those corresponding to design trajectories based
on a broad parametric investigation or one which places a margin on altitude which represents a factor
of safety on temperature (Reference 24),

No single technique can be expected to provide conservatism in a rational way for all contingencles.
At best, one type of factor will come closest to providing the desired conservatism and this has been
true of the velocity factor., Its use seems reasonable in view of existing factor of safety precedents,
A specific design criteria for aerodynamically heated airframes is being formulated and tested by
design application, The basic criteria is conventional but it is modified to incorporate the velocity
factor concept and attempts to account for many of the design and analysis variables which affect
thermal-structural design. The criteria have not been finalized and are based primarily on References
16, 23, and 24, which provide insight to time related load and temperature interactions and the selection
of critical thermal-structural design poincs.

Most of the studies and design concepts reviewed in this Section have evolved as an attempt to
further rationalize structural design criteria. As previously noted, these variations to the current
factor of safety design concept tend to blend with reliability-based concepts. The next section will
discuss certain reliability-based concepts investigated by the Air Force, related design parameters,
and data collection programs.




39

S.  RELIABILITY-BASED DESIGN CONCEPTS

The number of publications treating reliability-based design increased appreciably ir the early
1950's. Initially, reliabllity design seemed to imply, at least within the Alr Force, the elimination
of the factor of safety as a design concept. Statistically defined design parameters and parameter
interactions were to be substituted for the discrete parameters and the factor of safety. Too often,
however, the magnitude of the problem was overlooked and the acquisition of essential elements were
overly simplified.

The Air Force initiated the development of a reliability based structural design criteria for
mlssiles in the mid 1950's. Missiles were oae shot devices and unmanned. There was little to lose.
Airplanes in turn, were to become mere missile launching platforms that .ould not requirc strength for
rigorous design maneuvers. Combat was to be conducted remutely., Duriuy this swirl of revised committment
tuv systems development, the Air Force established a program to conduct a series of investigations that
were to encompass and define the total life cycle of a missile. Considerable priosity was gilvea to
this effort. The ratlonalized criteria werc to be based on information obtained through data gathering
programs and operational experlences. The broad goal was to establish a reliability-based structural
design criteria to replace the factor of safety for missiles. This "rationalized" criteria was to be
placed in the new structural strength and rigidity specification MIL-M-8856, initially dated 22 June
1959. However, the data base never materialized, the 1.25 factor of safety is still used, and the
emphasis to develop a reliability-based criteria for missiles has diminished.

When the need for a reliability-based criteria is considered, a comparison is usually made to
existing design requirements and the ''need" 1s often questioned: "Why is a reliability-based criteria
required when current requirements and industry practices have produced airplanes having a (seemingly)
high reliability?" The answer that evolves must in some way relate to "realism” in design. A reliability-
based design concept, as stressed by some in the literature, is inevitable and is the only means of
providing greater "realism;" the only way of '"rationalizing" the factor of safety concept.

The Air Force first deviated in a s.gnificant way from a deterministic design concept by defining
probabilistic fatigue design requirements. Although they were applied "deterministically"” in the final
analysis, the "realism" that operational, environmental, design and manufacturing variations exclude
the development of "no-failure" airframes was implicitly emphasized. This is further emphasized by the
more recent changes in Alr Force philosophy by changing from a "safe life" concept to a "damage tolerant'
concept, as described in Section IV.

A related change in design philosophy shorld also be noted. In 1960, in conjunction with the
Navy, the MIL-A-8862 (ASG) Specification, "Landing and Ground Handling Loads," was established and
incorporated "design load" requirements. These requirements applied only to the landing loads analysis.
Limit and ultimate loads were not specifizd for these conditions. The inceative to deviate from the
1.5 factor of safety concept was the "realism" provided by available operational statistics of the type
described in Reference 17. A general dissatisfaction with the "design load" concept, however, resulted
in a change back to the use of a 1.5 factor of safety in the 1971 Air Force revision of the specification
which became MIL-A-008862 (USAF). The design load concept for landing loads is still viewed favorably
and is being used by the Navy, however.

The Air Force only applied the design landing load concept to two airplanes. On one airplane the
woncept was applied to the filrsc ..o models; later models of the airplane were changed and redesigned
using the 1.5 factor of safety. Unfortunately, the limited application of cthe design landing load
-uncept also limits the experience base available for evaluation. Apparently, there was very little,
if any, penalty involved between the models which employed the two concepts. The infrequent application
of the design load concept and its eventual elimination from MIL-A-8862 can be traced to: (1) an Air
Force requirement that transport airplanes be compatible with and certified to FAA requirements; (2) a
lack of clarity in the specifications and differences of opinion regarding which "loads" are affected
by the design load concept and which ones are not (carry through structure, nacelle attachments, external
tank and store attachments, etc.); (3) difficulties in the interpretation of interactions with other
requirements relating to material yielding and aeroelastic effects; and (4) the added difficulty of
applying static test loads to the airframe through the lower strength landing gear. The overriding
reasun fur these implementation problems, however, appear to be poor planning. The concept was concelved
and implemented too quickly and without appropriate trial applications. No loss in design efficiency
1s expected (with respe.t to static strength requirements) by using the 1.5 factor of safety, however,
because current durability, damage tolerance, and dynamic taxie requirements will add more weight than
could be saved by using either the design load concept or the factor of safety concept.

The Air Force maintains structural design specifications and handbooks to preserve past experiences,
worrect previcus mistakes and prevent design oversights, This effort attempts to maximize structural
integrity and reliability, but the concept is not foolproof. New mistakes are always possible with the
rapidly changlag state of the art and the increasing severity of the operational environment. Because
uf these complexaitles, the dowuments are difficult to keep current and new or revised design requirements
are nurmally written into the statement- of -work for any new system development, 1f they occur batwaen
the revision intervals of a specification. Criticism, then, that certain specifications are not current
or that certain requirements are not rational, may be correct but they do not hinder new system developments.
When similar criticisms are leveled at the 1.5 factor of safety, however, the evaluation is not so
simple; should it be replaced with a reliability-based concept? What is generally not appreciated is
that the basic airplane design loads (static strength) are essentially statistical in nature. The
design values are derived from a broad spectrum of operational experiences. If a distribution were
assumed, then the design limit and design ultimate loads would represent a certain probability of
occurrence and exceedance (Flgure 9). A justifiable criticism of the factor of safety, though, is that
a fised factor does not recognize the variation of load or ..rength and does not provide a uniformly
efficient structure (Ref 25). This effect was illustrated in References 18 and 20, as discussed in
Section V.

Unoificial Air Force recognition of a variable factor of safety concept has been establighed by
allowing certain structural design deviatious. The static test failure of an engine inlet duct at 1.3
times the limit pressure, for example, was accepted when it was established that the internal dynamic
pressure in the duct weuld not exceed the design pressure in a dive, The resultant delay, re-design




and cost to bring the duct structure up to the normal strength level of 1.5 times limit pressure was
therefore gvolded (Reference 25).

The Air Force has not formally adopted a reliability-based structural design criteria, although
some requirements have an associated probability of occurrence. Available pcocedures that could be
adopted vary in concept and detail, but their philosophical principles are the same. References 26 and
27 summarize some of the philosophical aspects that appear in the open literature and also note the
complexity of the reliabi)ity~based design problem, as paraphrased in the following two paragraphs.

The many proposals for a more rational criteria are related to the appearance of new structural
materials which exhibit improved strength and stiffness or weight characteristics, Other considerations
are the extreme increases in the structural loading environment and concern with economic costs.
Designing to an acceptable risk while keeping all design factors in proper economic perspective would
seem tc be effective but the concept of risk must be quantified before an accepiuble risk level cam be
determined, The new materials also tend to exhibit variations which could, in a deterministic design,
require such large factors of safety as to nullify the improvements. The increase in extremes of the
structural load environment are primarily new to the civil engineering field while economic costs are
perhaps new to the aeronautical field. [Reference 28 notes that the aeronautical engineer has for
many years considered new failure criteria (fatigue and creep), new materials and construction (brittle
materials; fiberous weaves) and more complex loading conditions (temperature-load histories); this has
resulted in greater variability in the applied and failing loads than has been encountered in the
past.}] Picking the worst possible load conditions for design is no longer considered economically
feasible under a broad spectrum of load conditions and the statistics of extremes must be considered
for rational design. Reliability-based analysis permits a more consistent approach to structural
safety by including the statistical variability of load and strength in the factor of safety evaluation
(Reference 26).

Most of the early studies in probabilistic design considered only thc fundamental problem in which
all of the strength variables and the load variables were lumped into two random variables. These
studies concentrated on the effects of ditferent safety factors, coefficients of variation and frequency
distributions. Later studies included multi-member and multi-load structures, different levels of
failure and the application of decision theory. Several problems must be considered in the context of
a reliability-based design. First is the reliability analysis of structures with derived or assumed
probability distributions for random variables, including load and strength distributions; developing
and constructing the necessary computational models which account for indeterminancy, the types of
failure modes (including elastic, brittle and collapse modes), the number of load conditions and failure
modes, and their statistical correlation. Another problem is the design of a structure in the context
of a random variable of safety for a given probability of failure; the random variable could be cost or
welght. An additional problem is that of parameter sensitivity and determining their affects in the
load and strength descriptions. Most reliability analyses assume that strength and load distributions
are known; the high cost of obtaining load and s:rength data will probably necessitate the acceptance
of lower confidence levels in structural design than professional statisticians usually recommend.
Subjective statistical analysis is needed together with studies to determine the effect on optimum
weight and cost due to changes in choice of frequency distribution, coefficients of variation and other
parameters (Reference 27),

As part of its program to maintain and develop structural design criteria, the Air Force has
spongored various investigations intended to lead to a reliability-based criteria for both airplanes
and missiles. One investigation (Reference 21) was partially presented in Section IV. This investigation
will be further discussed with two others (Reference 29 and 30). These three investigations emphasized
static strength reliability, although fatigue or durability requirements can be incorporated within
these concepts. Other Air Force investigations have more thoroughly emphasized the fatigue aspects of
a reliability-based criteria. Reference 31, for example, treats fatigue design considerations while
Reference 32 emphasizes fatigue but also provides limited treatment of static design considerations.
Reference 31 is an extension of Reference 32 and Reference 33 is an evaluation of the conceptz in
Reference 31, These fatigue related references are noted here only for completeness and will not be
emphasized further. The three iavestigations relating primarily to static strength design considerations,
however, will be summerized in tore detall because of their direct correlation with the factor of
safety concept. In expanding these three reliability-based efforts, the philosophy of the techniques
will be emphasized and not the technical aspects of their development or application.

A statistically based concept developed for missile design is found in Reference 21, Part II. The
concept 1s broad, however, and can be applied to almost any reliability-based design problem. The
design concept is basically a “framework" developed to be consistent with the premise that there is no
definite demarcation between safe and unsafe design, but a gradual change in reliability between safe
and unsafe. The idea that a sharp change exists between safe and unsafe can cause unnecessary redesign
for vvery slight change in design load or reduction in allowables. Redesign should be required only
when the over-all reliability of the system decreases appreciably. The term "framework" applies because
the wide scope and complexity of the problem did not allow final refinements to be made. This concept,
as discussed in Reference 21, is described in the following paragraphs.

This concept uses any number of design variables that are essentially independent of each other to
deternine interaction envelopes that separate failure from non-failure regions. Design parameters are
presented so that "eriticalness” continuously increases as parameter values increase or decrease. By
superposition, a single interaction envelope is formed and the probability of not generating points in
the tailure region is the quantifative reliabllity of the gystem for the time period considered. To
5implity the computation of reliability (which could be obtained by integrating the content), an equivalent
value of cach parameter is defined such that the envelope content ia3 approximated by simple multiplication
ot the probabilities associated with the probability value of each parameter. Any number >f statistical
parameters can be used. Limits are imposed only by the analysis time and data available. As data is
defined, the number of parameters can be optimized and should fnclude five to eight that are random
varving and fifteen to thirty that are systematically varying; any distribution can be accomodated
vithout thie neceseity of having to find a special function of the variable,

The intersections of any two interaction curves are defined as "nodal points," which are used as
design points (Figure 10). The analysis 1s relatively insensitive to the exact interaction envelope
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shape because any reasonable envelope shape having the same content will pass near the same design
points. The design conditions or nodal points are defined by two parameters, one having a "limiting
value" (XL y,) and the other a "reference value" (XR.V.)‘ The probability value (XP. .) at each point
is equal to the limiting value minus a correction factor (X ) which is approximacex by analyzing
representative probability distributfion shapes of significart parameters (Figure 11). The pictorial
representation is limited but a mathematical extension is completely valid and feasible for any number
of parameters.

Power spectral techniques are used to evaluate time dependent effects, and other simplified techniques
were developed for handling systematic variations. A method for determining the required confidence
levels of parameters is also given to assure consistent reliability analysis, and accommodations are
made for fatigue and creep effects. Greater approximations are allowed for secondary design effects

than for primary effacts.

The basic concept, then is a semi-empirical method for quantitatively determining the reliability
of a defined structure, or for the design of a structure to a prescribed reliability. The development
is based on and justifies two basic premises: (1) that by the judicious selection of design (nodal)
points the true interaction envelope shape ig unimportant and (2) that the reliability of a system can
be calculated with sufficient accuracy by simple multiplication of the probabilites of equivalent
parameter probability values rather than by integration of the interaction envelope content. Although
seemingly complex when reviewed, the method of Reference 21, Part II, can by using a minimum of parameters
and certain refinements, and with some additional development and appropriate data, approach the factor
of safety method in simplicity.

A different reliability-based concept is found in Reference 29. Reference 21 developed a statistically
based quantitative structural design criteria that relates the probabilistic nature of design, opera-
tional and environmental experiences to structural performance. Reference 29 developes a deterministic
structural design criteria that uses a quantitative objective and statistical techniquee, as described
in the following paragraphs.

This design method 1s characterized by the thought that the ability to calculate a probability of
failure when load and strength spectra are agsumed to be known, are quite different than the ability to
determine the true structural reliability of an operational structural system. The method also incorporates
certain considerations that appear to be overlooked in other approaches. These "oversights" are: (1)
errors or discrepancies which occur between actual and calculated spectra; (2) the influencial effect
of testing as a means of design error disclosure; (3) the necessity for demonstrating proof of compliance
with requirements; and (4) the necessity for assigning responsibility for actions which affect structural
reliability. Other interactions with non-structural, operational, managerial and contractural areas
are also included. The overall investigation and proposed design concept evolved in three steps.

The first step evalusted the various functions which contribute to structural design. The second
step evaluated and compar2d the current factor of safety concept and a (hypothetical) purely statistical
structural reliability concept to the structural performance and design functions established in the
first step. The third step evaluated existing and proposed reliability-based concepts to the same
standards of evaluation used in step two. These evaluations concluded that: (1) the current factor of
safety design technique is a satisfactory system but that more stringent future requirements will
minimize the effectiveness of the system; (2) a purely statistical structural reliability-based system
is not practical since there is no way to accurately measure structural reliability and it is not
possible to write definitive requirements to demonstrate the reliability (proof of compliance); and (3)
that none of the known structural reliability-based concepts in the literature today provides a satis~
factory foundation for a quantitative structural design ecriteria based on statistical methods. To
elaborate slightly and provide an appreciation for the design concept which evolved, the philosophies
which governed the develodment will be expanded in the follewing paragraphs.

The fundamental purpose of any structural design effort is to develope an operational structural
system that satisfactorily performs its mission. This development is the result of many management and
engineering decisions which are a key element in the success or failure of the desigu effort. One
agpect of the factor of safety concept is that the design effort can be practical and easily administered
because .. has an inherent proof of compliance (test) provision. Its fundamental problem is that it
has ne clearly identifiable quantitative design objective to satisfy. The available logic cannot
resolve the comparative adequacy of different factor of safety values. In some design areas, such as,
fatigue or high temperatures, the factor of safety is not even directly applicable to the definition of
the design reguirements. The concept only defines a relationship between limit and ultimate load,
which normally controls the design strenmgth level and does not allow for an assessment of its "correctness,”
other than “failure." Positive margins of safety do not prevent fallure; gross errors in design ivads,
analysis and large strength scatters contribute to failure at limit load or less. Structural tests, on
the other hand, are a nearly perfect disclosure of gross errors if the strength scatter is small, as is
customary. The trend toward greater scatter and a lessening or inability to disclose analytical errors,
requires that the possibility of failures below limit be considered more serifously in the future.
Further, test conditions are normally selected on the basis of the strength analysis, and the actual
design conditions are becoming more difficult to simulate when testing; successful ground tests,
therefore, do not guarantee successful operational performance, and flight testing will remain an
important design development consideration repardless of the design concept used.

Current requirements have evolved primarily as a reaction to past problems and the assumption that
future structural systems will have the same characteristics as past systems 1s not necessarily valid.
When structural failures do occur, the deterministic nature of the factor o f safety concept allows the
deternination of the cause, the responsibility, and the corrective action to be taken., Unfortunately,
because of the many interactions between the structure and other design areas which contribute to
structural integrity, responsibility is not always recognized until after a failure has occurred.
incoe ond cther considerations previously noted relate primarily to the factor of safety concept, but
they also interact with reliability-based concepts. Especially important are the considerations that
establish design compliance and responsibility when fallure occurrs, When cause and responsibility are
not determinable, neither is the corrective action.

The structural design concept that evolved in Reference 29 utilized the desirable features of the
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factor of safety concept and improved or replaced those not desirable. The following basic characteristics
are included in the concept:

1. The deterministic type of requirements that give the factor of safety concept its praticality
and administrability are retained.

2. A clearly identifiable objective that serves as a basis for judging any proposed modification
to the factor of safety concept is ecc.ablished.

3. A structural reliability goal is part of the objective. The goal i3 not a requirement since
structural reliability, per se, cannot be determined accurately enough to serve as a contractual
requirement.

4, The techniques to convert the structural reliability goal into deterministic requirements
based on statistical considerations are developed.

5. The capability to deal with structural systems having large strength scatters is incorporated.

6. Specific problems such as fatigue and high temperature design can be integrated into the
structural design to attain the defined objective.

7. The crucial interfaces with non-gtructural design requirements are identiffed. Provisions
are made for assigning responsibility for every function that affects structural integrity.

8. The concept of testing as a disclosure of error in formulating design requirements is utilized.

Basically, the structure should have a capability to survive designated overload and understrength
situations caused by undetected errors or oversights, The factor of safety concept provides this
capability but the provision is indirectly and inconsistently applied. Structures with large strength
scatters are basically more prone to fall from understrength considerations rather than from overloading.
The concept in Reference 29 establishes separate and distinct requirements for understrength and overload
gituations, The requirements are based on probabilities and statistics and are selected to be consistent
with a level of structural reliability appropriate to the airplanes mission. The design and mission
relationships are illustrated in Figure 12. The central ba: indicates that the limit design load
includes a provision to handle an understrensth structure to avoid failure at limit load. The right or
left bar indicates the overload provision. The left bar illustrates a large overload provision and
overrides the understrength provision. This could represent a relatively low reliability, bigh load
factor fighter airplane, The right bar jilustrates a design situation with a smaller overload requirement.
The understrength provision is now more critical and governs the design. This could represent a design
requirement for a highly reliable, low load factor transport airplane. Once the appropriate design
values are chosen, they become deterministic and are as easy to administer as the conventional factor

of safety concept.

The first implementing step is to select a structural reliability goal consistent with the mission.
The goal is not a requirement anc suggested values are given in References 29 and 30. The limit and
ultimate design conditions are “wo separate conditions based on the reliability goal and established by
statistical or qualitative couasiderations, which reflect available experience. The design limit
condition is the upper bound of a normal or expected (permissible) operating condition while the ultimate
condition is an abnormal opr.rational condition reached only as the result of an operational error or
failure of a non-structura. system. Failures within the understrength design provision are a structural
responsibility and require correction, while failures from overloads require operational correctionms.
There 1is no fixed factor of safety separating the limit and ultimate condition; the ultimate condition
in Reference 29 does not represent the conventional meaning of ultimate load. The condition is separate
and unrelated to the timit condition, whose meaning does not change. The "ultimate" condition is a
"design" condition hased on a rare or abnormal situation and may be significantly different from the
conventional ultimate load.

The basic s.ructural design is qualified and approved by conventional ground and flight tests.
Ground test lerds are defined by a limit or an ultimate test factor of safety. The factor selected
varies according to the established structural reliability goal and by the number of tests conducted.
Example valves are shown in Figures 13 and 14. Flight tests are conducted in a conventional manner and
operational). flight load monitoring are required to verify operational consistency with design. If not
consisten., the structure would require mod(fication when operations are detrimental or the operational
procedures may require some change.

Tnere are many ramificacions, qualificarions, advantages and disadvantages related to reliability-
bases design concepts as expressed in Reference 29. Most of the assoclated disadvantages or problems
are not new but have always beer problems, such as the statistical defiaition of design data. No new
piobleme are created by introducing reliability-based concepts but old problems became more clearly
defined. Tae basic advantage of the proposed concept in Reference 22 is its ability to establish
structural performance in terms of a quantitatively definable gual., This permits the definition of the
minimum structural requirements to meet the goal, It also permits the justification of a less severe
structural design crite:ia when warranted. Becausec each of the design aspects is quantitized, trade-
offs can be made between criteria reductions and the difficulty (technical, cost, time) of providing
more efficient structural characteristics.

The proposed reliability-based concept in Reference 29 is reviewed in Reference 30 to identify
data requirements, necessary changes to design spzcifications and handbooks, interections with non-
structural design areas and the steps required to implement the concept. To 1llustrate each step of
the concept, Refereace 30 uses a simple design example. First, simplified dummy data is employed and
then realiatic data. The categories of required data are Jdafined further by a study of data pertinent
to the C-141 cargo airplane and then by a trial application of the concept to its wing. The revision
cf data to reflect an improved state-of-knowledge at each design stege and during the life of the
vehicle, and the fora in which the required data might be standardized, is also discugsed. Although
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the limited study did not allow an extensive treatment of data requirements, Reference 30 provides
insight to the complexities of the data problem as it relates to reliability-based design and similar
concepts. The data requirements, limitations and design interactions are presented in the following
paragraphs.

To be effective, data must be established and updated continuously. Fundamental data ave operational
load spectra, error functions and strength distributions. These data will change periodically during
the total lifetime of a specific airplane. The particular periods that permit progressive updating are
the initial, detail and final design phase, before and after tests, and before and during airplane
operations. It is the operational environment that provides the best opportunity to obtain quantities
of new data, which are also pertinent to other design concepts.

In June 1954, a special panel report (Reference 34) of the NACA Subcommittee on Aircraft Loads
recommended a program to obtain statistical information on maneuvers and related in{light loads, whether
caused by pilot inducement or atmospheric turbulence. The panel also recommended that the Air Force
and Navy obtain time histories of three linear and three angular accelerations about mutually perpendicular
axis, airspeed and altitude to establi:l. a statistical design base. The recommended statistical maneuver
load program was initiated as a joir. effort by the Air Force, Navy and the NASA in 1956.

In 1958 the Air Force outlined a long term progiram to collect and utilize flight measured data.
The program, initiated in 1959, was to develope techniques for integrating the statistical data into
existing design criteria, review and improve the data recording and reduction, and to establish fundamental
requirements for structural criteria based on statistical methods. The resulting effort identified
certain problems which were grouped into three categories: the definition of design conditions, the
definition of component strength distributions, and mathematical procedures relating the first two to
structural reliability. The program also led to the sizing and establishment of a data reduction
facility by the Navy and an 8-channel recorder development program by the Air Force. State~of-the-art
limitations eventually terminated the recorder development program and in turn closed the data reduction
facility in 1969. References 35 and 36 are documents relating to this effort. Other investigations
which have defined data requirements and collection programs for missiles are described in References
16, 24, 37, 38, 39, 40 and 41.

More recently, the operational data recording program for airplanes has continued as the Air
Force's Aircraft Structural Integrity Program (ASIP), as defined in Military Standard 1530A, by the
same title, dated 11 December 1975. As part of the ASIP, each airplane system will be monitored to
obtain time history records. The parameters necessary to monitor operational usage and derive stress
spectra for critical structural areas will be measured in approximately 20 percent of the operational
force.

To accomplish the ASIP, the Air Force initiated plans in 1968 to develop a new and more universal
multi-channel recording system, to less stringent standards than the previous 8-channel recorder. New
requirements were prepared and in June 1970 the development of a 24-channel digital recording system
and a ground playback unit were started. The system has been developed and is now in limited use. The
data tapes for each system will be collected and compiled at a single location when the program is
fully implemented. The parameters measured and sample rates can be varied to the specific needs of
each system. Plans to establish the necessary parameter correlations and design load spectra from the
ASIP data are being formulated.

The major objective and justification for the multi-channel progrem is to provide a better tool to
accomplish fatigue tracking. However, because of the high commonaity between duta ueeded for fatigue
and statistically based strength design, the reliability-bssed design concepts will also benefit. When
a recorder program on a certain system "matures" to the point that statistical stability is obtained
and no new operational fatigue related informacion is produced, or when certain parameters attain
statistical stability and need not be recorded full time, the resulting surplus of recorder capacity
can be used to establish statistical strength criteria or to fill knowledge gaps; for example, the
phasing of Power Spectral Density (PSD) loads. In gust analysis, current PSD methods allow a fairly
precise, but sepziate, determination of shear, bending and torsion at a given location; the phasing of
the three vectors is largely a guess. The addition of strain gage clusters or rusettes at selected
locations could provide actual examples of the amplitude and frequency relationships. Such data will
be essential in future designs to express applied loads and siructural strength in a common set of
terms.

Ideally, deri'ed data can be standardized and categorized. A convenient approach would be provided
by charts relating the required design and test factors to the reliability levels in terms of parameters
describing the load strength distributions, the error function and the number and type of tests.
Theoretically, it would appear possible to develop a single load spectrum for each location, which
would contain the total load occurrences for an airplane lifetime. However, the simultaneous consideration
of both limit (normal) and ultimatc (abnormal) loading conditions will seldom be possible because the
permissible strength level will generally be different. Each structural location will require separate
analysis, since both load and strength distribution will differ from point to point.

The statistics available, even on airplancs which have extensive operational experience, are not
adequate. For example, additional information is required on the probabilites of: (1) weigh* and
weight distribution; (2) speed and altitude; (3) types of load conditions (gust, pull-up, rudder kick,
etc.); (4) level of loading (la terms of a basic parameter); (5) time history of loading (to describe
local loading); (6) assoclated load systems (pressure, thermal gradient, etc.). These probabilities
are not independent and the resultant probability of each combination is also needed. In addition to
the average or typical conditions defining each segment of the mission profile, it is necessary to
derive or assume the shape and distribution about the mean. Without this detailed level of data, no
realistic estimate of the risk of failure can be made.

Although extensive material strength data exist, the allowables represent only one discrete point
in the distribution. The form of data required consists of the mean and standard deviation and the
shape of the distribution to be used. The structural strength of the final component will also reflect
the variations imposed by all of the inherent uperations in fabrication and assembiy. Data on the
strength of various structural configurations exists only in a random manner and usually in insufficient
quantity to provide adequate statistical distributions.
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It is frequently necessary to assume that all observations are of a single homogeneous population
whose uistribution follows a standard form. Such assumptions often give good fits aear the most frequently
occurring values but for the gtructural reliability problem other factors require emphasis. The major
difference between structural and common reliability analysis is that the "mean time to failure" is not
a desirable measure of reliability. It is the risk of failure that is required for a structure. There
is no "acceptable” failure rate and much more emphasis 1s therefore placed on high (abnormal) loads and
unusually low strengths. This emphasis, then, requires that the statistical representations match the
appropriate tails of the distributions rather than the region near the more frequently occurring values.

The formal recognition of possible errors is probably more important than the specific definition
of an error function. The error function may describe any number of discrepancies, however caused, in
terms of the distribution of the probable mean strength of the structure. A number of suitable functions
are available for initial design use. The degree of dispersion (coefficient of variation) has relatively
little influence once the test results have been incorporated, when tests are used as an error disclosure.
A relatively low risk wnuld probably be introduced by the adoption of a standard error function.

The implementation of any reliability-based technique will present certain problems and Reference
30 suggests a two stage procass. Initfally, there will be insufficient data available to implement a
total reliability-based design concept and emphasis should be plac?d on the comparative similarities
with the existing factor of safety design concept rather than the differences. However, even restricting
the reliability concept to design conditions for which data is available will help establish a correct
understanding of the probabilistic processes and encourage the acquisition of the data required for
further implementation.

The first phase would apply the reliability concept to selected design conditions and primarily
emphasize familiarity with terminology and mathkematical relationships; the relative importance of
parameters; evaluating the implied reliabiliti.s of existing airplanes; and insuring that continuity
with existing design concepts exists so that no abrupt changes in structural integrity will exist. The
interactions between "static" strength, "fail-safe' strength, "fatigue" strength and "damage tolerance'
strength also require identification to permit the whole spectrum of structural reliabiiity to be
expressed in a consistent manner.

The second or final stage, that of achieving a meaningful, completely probabilistic concept will
not be possible until quantities of additional statistical data are obtained, especially for asymmetric
flight cases and combinations of parameters which are not independent. Not only must every possible
cause of loading be established in probabilistic terms, but every factor affecting the strength must be
establis*ed. Unless a total picture is assembled, nothing wil® be known about the relative importance
of the various design cenditions and interactions, or about ways of changing the reliability results by
modifying the operating conditions or by redesign of the structure. When relifability results are
further specified as a single numerical value, even when specified as a goal, the relative merit of
different values regarding safety and pessible redesign must be considered. The concept of a single
numerical value for the reliability of an airframe or even a specific location on the airframe is
saperficially attractive, but any real advantage is completely of fset by problems of interpretation of
e pumber. Any judgement as to a:ceptability of one reliability number over another that is slightly
different will remain arbitrary. It is probable that a relative risk assessment technique will prove
to be wortl. while even when all of the necessary statistical data are available and a completely proba-
bilistic design concept can be achieved. Final implementation will be governed by experiences gained
during the first phase and the availability of design data.

The next section will attempt to place these thoughts and ideas, and those of previous sections,
inte perspectlve by further relating them to current design practice.

6.  CONCEPT INTERACTIONS

The factor of safety has lost some of its appeal in recent years and probability analysis has been
emphasized as a more "rational” concept. Formerly, the complexity of reliability-based concepts cen-
tered around the amalytical aspects of the solutions but this difficulty has been off-set by current
computer technology. Today the prime restraint is available design data in the proper statistical form
(Reference 21),

Dissatisfaction with the factor of safety concept became more apparent during the early 1960's
vhen surveys of airplane and missile manufacturers were conducted fa conjunction with various Air Force
structural design criteria development programs. The general Indastry feeling that the factor of
safety is growing more and more inadequate has apparently not changed. The initial dissatisfaction
applied primarily to migsiles, but airplanes were not excluded. The surveys also found that the aegree
oi availability of flight measured data varies greatly betwe:n systems. Its quality and quantity are
both deficient and the parameters most needed for reliabilicy-based design concepts are often not
measured.  Cost and the inability to access a system for .he purposes of instrumentation and data
neasurcment often become insurmountable problems.

Whether using a factor of safety or a reliability based concept, the airframe's probability of
tailure will be sensitive to the number of significant design parameters (asauming all significant
parameters are accounted for) and their statistical distribution. The design data must encompass all
of the natural environments, induced environments, operatfonal variations, materials properties, and
builc-up structural properties; the total number of specific parameters requiriug statistical detinition
becores significantly large. The state-of-the-art and practical limitations in establishing accurate
statistical data for each significant parameter is such that the actual results may be more academic
than related to actual needs. Unless the available data are carefully selected and reduced, considerable
effort could be exrended with few commensurate results.

Although the validity of extrapolating data for design use 18 taken for granted, certain precautions
must be exercised. Too often design data have been compiled from inappropriate or limited samples.
Data must refiect operational conditions from all segments of the Air Force; pilots must be "qualified”
or "typical," not highly «xperienced flight test pilots; weather conditions must be proportioned between
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good and bad flying conditions, and daylignt and night operations; and weather cycles occurring during
the year and over a period of years must be considered. Some parameters have physical limits or "practical”
upper limits and any assumed ditribution must consider a reasonable cut-off value. Extreme values
become less accurate as they progress away from the mean and influence design confidence. Values
selected closer to the mean could affect flight safety. As a "logical" extension of the realization
that all airplanes of a certain type cannot (statistically) meet the design "economic" or fatigue life
expectancy, there is a trend to develop exceedance curves for design that represent "average" rather
than "extreme" environments. Formerly, airplanes were always designed to the maximum expected or
extreme environments for both static and fatigue strength and the static loads induced were increased
by the factor of sarety. The affect of this design trend on flight safety cannot be assessed, but the
juportance of selecting proper design parametere and having a factual data base increases.

The limitations which inhibit induced load measurements have led some to believe that th2 factor
of safety should be retained on loads, but that all other design considerations (which are assumed to
be well-defined) should be evaluated by a rational statistical analysis. These concepts might lead to
a refinement of current design procedureg, but it does not change them since statistical considerations
have long been a2 part of airplane and missile design criteria. Although probability factors for structural
design are geldom expressed in current criteria, the choice of limit load factors for static and fatigue
strength and various environmental design parameters are fundamentally based on flight and environmental
statistics (Reference 24).

Perhaps the most important contribution to airframe safety is that of testing. As so aptly noted
in Reference 42, "safety regulations, however good and sophisticated, should always provide for approval
based upon relevant experiment, such as the measurement or control of actual loads, the measurement of
the actual strength of components, and the demonstration of the performance of the complete structure
by proof or stiffness tests." This practice has long been fhe custom of the aeronautical engineer.

Both ground and flight tests are used to demonstrate design integrity and optimize the conflicting
requirements of minimum weight end maximum structural reliability. Optimization and economic airframe

life requirements have in recent years placed considerable emphasis on developmental testing. This
emphasis will probably increase in future years. Although testing is a very cost effective design and
substantiation "tool," the expense of testing is a major obstacle to obtaining more appropriate statistical
data for reliability-based design concepts and statistical substantiation of structural reliability.

Some of the interacting roles of structural analysis and testing are discussed in Reference 43.

A natucal extension to current practice is the use of additional factors and design parameters,
This concept is less complex and easier to manage in a rapidly changing design environment than using a
variable factor of safety. The modified factor of safety concept (Reference 21) factors three performance
variables and it could be expanded to include others. Going further, Reference 38 suggested that the
factor of safetv on loads for missiles could be reduced in certain instances when a particular load
source is highly proedictable, thrust for example. However, Reference 16 expressed the view that although
some design load sources are highly predictable, the combined deszign load may be exceeded for some
design conditions when components of the combined load are reduced. In effect, known conservatisms
compensate for the unknown.

The additional design complexity imposed by a new or revised concept on satructural analysis must
be considered, too. Associating a specific factor with a specific variable, regardless of the number
of factored variables, will provide a certain level of additional complexity to a load/stress analysis;
using a variable factor of satety and specific parameters will add a diiferent level of complexity.
Computerized analysis techniques can relieve some of the bookkeeping, but considerable additional
judgement in design 1is required as compared to using a single factor of safety on load. Although less
complex, the single factor of safety on loads will not satisfy the objective to control structural
reiiability; the single factor is a function of numerous variables which can vary structural reliability
appreciably and not impose a change on the factor itself. Also, if new factors of safety are applied
to additional design parameters or if revised or variable factors are applied to loads, the years of
experience and back log of compensating design limitations and related requirements which we have for
the conventional factor of safety will be lacking and design confidence will decrease until a new base
can be established,

Major changes in airframe design technology are usually accompanied by a comparison with existing
techniques prior to adoption. Reference 30 illustrates a limited comparison of this type as discussed
in Section V. Other studies have made comparisons relating "equivalent” factors of safety to a "compatible”
reliability. Such comparisons can be found in References 28, 44, 45, and 46. There is a similarity
between reliability and factor of safety concepts which becomes more obvious when the factor of safety
{s viewed as a concept based on the statistical definitions of many basic design parameters. Each
design parameter, however, is normally reduced to a specific value and the concept becomes determiunistic
rather than probabilistic. To further the analogy, the design (ultimate) and operational (limit)
stresses can each be assumed linear and represented by a frequency distribution. The ratio of the mean
stresses of each assumed distribution can then be defined as a factor of safety. Reference 44 uses
this analogy to show that the level of reliability can vary widely for the same factor of safety value.
As proportivnal changes are made to the stress ratfo or to the shape of the distributions, the overlap
of the tails of the distributions varies and, in turn, the reliability varies. A fixed factor of
safety cannot, therefore, cnsure a constant level of reliability without considering the statistics of
the design strength and nperational stresses. Reference 44 further explains that the factor of safety
can be placed on a more rational basis and, in fact, only has meaning when related to the concept of
reliability.

The degree of safety desired or required also varies according to the particular point in the V-G
diagram which is involved. The left hand corners of the diagram represent maximum lift coefficient and
the maximum load possible (not considerang the small increase in maximum lift coefficients that can
occur under dynamic conditions and which may be used in constructing the diagram), and thus, if a
static test has been conducted satisfactorily and validated by flight measured loads, it would be
physically 'impossible” to have a static atructurai failure at these points when operating normally.

A simllar statement may be made of the flight controls, which are limited in loading to specific boost
capacities, and in a more general sense, to inlets which are designed to specified pressuves corresponding
to maximum speeds to which the airplane will fly. The airplanc may physically exceed the design speed
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(aud waneuver limits), but it has turned out in practice that pilots hLave kept within speed (and maneuver)
iimite without difficulty. In these cases, it might be logical to consider a lower factor of safety
than that considered for the right hand corners of the V-n diagram (Reference 25),

Exceptions to normally controlled flight conditions are ingtabilities which cause design load
factors to be exceeded. The factor of safety does not recognize aerodynamic instabilities in design.
Even with an extensive operational background, past experiences show that all static flight fallures
cannot be predicted. Several "modern" airplanes have been lost because of unaccounted for aeroelastic
affects., Some losses were the result of aerodynamic interactions and one resulted from improperly
predicted span wise wing loads. Some structural failures could have been prevented within the state-
of-the-art but others have resultad from new phenomena not anticipated or as a subsequent event to a
orior turbulence upset (Reference 25).

More recent examples of structural failure can be cited for both fighter and transport airplanes.
These examples resulted from control system malfunctions. Gross in-flizht structural failures subsequently
occurred to the wings of the airplanes., Spars were cracked anl major thick-skin wing planks became
detached, but the instabilities were eveutually overcome and the crews survived. If these structures
had been designed to a lower factor of safety, or to a "design" load (rather than limit/ultimate)
concept having an effectjve factor of safety lower than 1.5, these airplanes would probably have failed
catastrophically in flight. This failure projection is hypothetical, but these real examples of structural
overload reflect the inherent conservatism in today's airframe and the need for overload protection.

It is unlikely that the dollar value assocfated with the cost of ths airplane and crew training, for
any one of the several airplanes affected, could be off-set by the “"savings" in weight, the performance
"gained," or operational costs "saved" by using a design concept that might provide a lower level of
structural safety.

There is another measures of safety to be accounted for beyond the '"normal" over-load/under-strength
probability limits of structural failure. Extraneous causes of structural failure may arise which are
avt part of an original design evaluation. Instances of poor maintenance, improper assembly or reassembly,
substitution of Improperly heat treated components, etc,, are well know, Other phenomenz such as
hydrogen embrittlement aand stress corrosion may not be adaptable to statistical design procedures and
the statistical limitations of small coupon or structural component tests are also well know, Even if
these events can be statistically accounted for, their significance could overshadow the prohability of
“normal" structural faflure when ~onsidering reliability-based criteria (Ref 25).

There is still another safety aspect to consider. The factor of safety does interact with other
design and analysis requirements, although it is often vicwed iz an independent measure of structural
safety. Reference 47 is a study of comparisons between existing and proposee Civil Engineering require-
ments that emphasize a similar interaction. The study first nctes the many uncertainties in design and
construction that are covered by providing "overload" protection. The facets noted are identical in
context to those considered within the factor of safety concept for airframe design. Similarly, the
factor of safety concept is noted to be a crude method of covering analytical and construction errors,
but the reference also notes that it has the merit of simplicity. The study itself evaluated a variety
of structures exposed to threc loading conditions. It compared the quantities of flexural steel required
for each design case and assessed the theoretical "overload” capacities of the structures. The steel
requirements using both the old and new requirements were found to be very similar for each loading
condition, but the presumed overioad protection was found to vary. It was initially presumed and
implied in the specifications that the theoretical overload protection would be proportional to the
factor of safety associated with each load system. However, the strength was not proportional to the
factors of safety used. This occurred because the design of the adjacent spans in the structure used
different factors depending on whether they were loaded or not; in some cases, the loaded spans were
couterbalanced by an exaggerated (factored) dead load on the adjacent unloaded spans. The overload
capacity of the loaded spans, then, was not divectly proportional to the factor of safety.

Even though the study showed a variation in overload capacity, existing structures designed to
these requirements were still considered safe for several reasons; occurrences of actual overlcad were
negligible, the probability of understrength was low, and "inevitable detailing" excesses (design
conservatism) existed. One additional reason, however, is most important and relates to the elastic
analysis. Until recently, the complexity of the elastic analysis encouraged the use of simplified
assumptions which required up to 70 perceunt more steel than would have been required by a more rigorous
analysis. The additional material, in turn, greatly increased the overload capacity of the structure
and led Reference 47 to conclude with this question: "With the increasing use of computers, which make
more rigorous analysis, --- will structures designed according to ~-- (existing requirements) --—- or
similar types of load system(s) still be adequately safc?" This question is equally applicable to the
1.5 factor of safety design concept for airplanes.

The following are similar points emphasized in Reference 29. The main point emphasized is that
the conventional factor of safety provides for (unknown) situations that might not be recognized in a
more sophisticated ("rational") design procedure. Any attempt to be too sophisticated can alsu lead to
design procedures that are impractical. To avoid these possible problems, mew and old concepts should
be closely compared. Any large differences in the results should be viewed with caution and not be
accepted uncritically., It is further nated that different results, e.ther more or less critical, are
not necessarily adverse and can often be justified under appropriate circumstances.

The concluding question in Reference 47 should also be expanded to reliability-based concepts: If
more complex reliability-based design concepts are eventually implemented to “rationalize" existing
requirements, "save" airframe weight and "improve" performance, will the "new" structures still be
adequately safe? There is no immediate answer available. Hopefully, any change in design concept will
bring with it an adequate and equivalent level of airframe safety; however, a.y design concept is a
balance of requirements involving numerous parameters and design .nteractlons and any new concept
for which experience is limited must be thoroughly evaluated and closely monitored to ascertain the
true affect of the change on structural safety.

Generally, reliability-based concepts are not proposed to improve flight safety., Flight safety is
always a concern and aew design concepts are generally not adopted until an equivalent or better level
of safety is assured. The most significant reason normally given for adopting a new concept is to
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achieve a reduction in weight when compared to the accepted norm. This reason is well intended but

could also be misleading. The acceptaed norm can be elusive and difficult to define and the projected
"savings" in structural weight can be easily overstated. Every design concept attempts to maximize
efficfency and avoid either an unconservative or an overweight structure. In this respect, current
design practice has bdeen very effective. Reference 19 provides some insight to the history of structural
efficiency for bomber and transport airplanes up to 1964, The observation is that airplane weight

trends and structural weight fractions are very consistent. It makes no difference whether an airplane
is jet powered or propeller driven, whether it was built 25 years ago or is of recent (1964) vintage.
There remains a balance between an efficient structure and/or material and the design requirements
imposed on them. Studies of future airplanes (beyond 1964) also supported this trend (which still

seems valid today). It is apparent that if more efficlent materials and types of comstruction are

found, that more stringent operational requirements will be imposed on them. Time and state-of-the-art
advance: seemingly have little affect on basic structural weight trends. Reference 19 describes the
weight trend curves as basic, and as such, a technological break-through would be required to significantly
change them.

The trends, of course, are based on the conventional factor of safety design and metallic materials;
any improvement in structural weight trends that might result from the use of a reliability-based
design concept or f{rom ccmposite materials when used on an gctual airplane is unknown., These concepts
may provide the necessary break-through. However, an airplane design i{s the result of many compromises
and intera.tions which have a neutralizing influence on overall design with respect to any one parameter.
Too often weight and performance improvements are estimated superficially and the optimistic conclusions
are not achievable. A thorough study that incorporates the major performance and airframe parameter
interactions in a design evaluati.n is required to obtain a confident weight impact assessment and many
design variations would be required to establish a new trend. The pacing influence on performance
improvements to date have come from advances in propulsion concepts, not structural concepts. Structural
designs have su:icessfully kept pace, howaver, and structural efficiency has improved. But as pointed
out in Reference 19, when greater structural efficiency is achieved, greater demands are made and the
structural weight fraction has not changed appreciably.

The actual impact of design data, analysis, weight and test interactions on the development and
application of future reliability-based concepts cannot be clearly defined at this time. The similarities
between the factor of safety and probabilistic techniques indicate that any state-of-the-art improvements
intended to benefit the implementation of a probabilistic concept would also benefit and improve the
factor of safety concept. This is especially evident when considering a design data base and may be an
additional point to consider when evaluating changes in current design concepts.

There appears to be a slightly subdued, but continuing interest within the aerospace industry to
develop a design concept that improves the "deficiencies" agsociated with the factor of safetv concept.
It has been assumed that any lack of clarity in the merit, goals or direction that might be associated
with a reliability-based concept, will be resclved satisfactorily as the concept is implemented.

The remaining section will briefly summarize the salient traits of the concepts reviewed and
proje=t a pussible balance in their future application.

7.  SUMMARY

To have emphasized -~lv “<ructural design concepts with respect to flight safety is in keeping
with the iutended scepe o1 this revie., but emphasizing too limited a view could be misleading and
detract from other importani seofety uspecte  Safety considerations in a broader view are discussed in
References 48 and 49 and serve as a remin?~: of the zverall scope of the safety problem. Safety is a
total operational system and all aspects must be conctdered in unisen.

The static strength safety aspects of the airframe uiave been "controlled" srimarily by the 1.5
factor of safety. To be more precise, the factor of safety has been the most vigible design aspect of
airframe safety and it serves as a unit of measure in that regard. It provides protection to occupants
from both understrength airframes and inadvertent overloads. But the overall concept of safety must
again be emphasized and not just the factor of gafety; the factor does not function alone but in corncert
with many other structural design and operational requirements,

The 1.5 factor of safety in U.S. design practice is fundamental, and represents a level of design
safety which has become an accepted standard. Although the concept is accepted and used without reserva-
ticn, it has remained in an intermittent state of review. Its efficlency as a design concept has been
challenged and the objectives of its design application cannot be clearly identified. There are proponents
who have encouraged change and proponen:s for the status quo. To define the arguments and differences
between them 1s sometimes difficult.

Pechaps the 1.5 factor of safety is "rational” and does not require revision. Or perhaps the 1.5
facior of safety is "arbitrary" and its basic function cannot be defined sufficiently to establish a
revised value. 1ts history seems to say that the 1.5 factor of safety is a mixture of both elements.
The 1.5 factor is "ratfonal” because it is based on what were considered to be representative ratios of
design to operating maneuver load factors ewperienced during the 1920s and 1930s (which have not appre-
clably chinged today) and it iz "arbitrary" because we still do not know the exact design, wmanufacturing
and operatiug unknowns and varie.lons it protects against, or how to quantify them. Neither can the
degree of inflight safety provided by the 1.5 factor be quantified, but its succesaful history cannot
be lightiy dismissed.

Relisbllity and realisz secem to go togecher. Probabilistic design concepts are considered more
realistic and bave bheen proposed as being more rational than the factor of safety. Reliabiiity-based
concepts have, therefore, been proposed to replace the factor of safety concept. Bevause .. anticipated
implementation delays, interim design techniques have been proposed and consist of multiple factors of
safety which are related to specific design parameters and variabla factors uf safety which are related
to specific design needs.

The primary justification and final nbjeczive of the probabilistic concept is to improve airplane
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performance and reduce operating costs. These improvements are to be gained through reduced airframe
weight. However, recent airplane weight studies and past weight trends have shown that the actual
airplane weight saved is often less than anticipated. Durability, fatigue life, and damage tolerance
requirements also influence airframe weight and tend to supersede savings gained through "improved"
design techniques. These requirements add weight beyond that needed for static strength.

There are many design and operational (and possibly legal) ramifications to be defined before the
factor of sefety concept can be formally changed with assured justification. The lack of appropriate
statistical data, the need for procedures to establish the true structural reliability of a design and
tu demonstrate (verify) contractual requirements will also hinder implementation of a reliability-based
design concept.

Reliability-based concepts are difficult to define and understand in summary form because of their
complexity, but regardless of the advantages or disadvantages alluded to herein, the concepts cannot be
lightly discarded. They must be examined critically and objectively, simultaneously defining the
needed design parameters. Yet, a completely rigorous reliability-based concept may be so impractical
for structural design that it may be less desirable than the easily administered (less rigorous) factor
of safety concept. In time, the application of reliability-based concepts to airframe design will
increase, but the degree of their application may have a definite limit. Future concepts will probably
evolve to incorporate both a simplification of the purely statistical reliability-based concept and the
gross simplicity of the factor of safety concept. The factor of safety still covers many contingencies
and at this time it appears there will be a need for some factor, and to a greater degree than is
sometimes implied (References 21 and 25).

The objective has not been to support or minimize a particular structural design concept but to
underscore certain points seldom emphasized. All of the disadvantages noted apply to both the factor
of safety and reliability~based concepts. The point is, that the reliability-based concept will not
eliminate all of the "problems" of the factor of safety concept or necessarily offer a "safer" design.
In fact, the "problems" may tend to increase because of limited design experience with statistical
concepts and the use of statistically "defined" parameters that may be of questionable validity.
Furthermore, there may be an unjustified confidence in computed reliability estimates, although relia-
bility-based design concepts have been assumed to be more rational than factor of safety concepts. The
physical results of a reliability-based design and the related statistical data 1iust be more than a
mathematical nicety; the statistical confidence expressed in the design must be realizable, in fact.
Finally, regardless of the design concept adopted for future use, the safety of the airframe will
depend not only on that concept, but on the adequacy of the total structural design criteria and the
ability of the concept to meet the proof of compliance requirements of the design specifications
(Reference 25).
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LOAD FACTOR FOR LOAD (Lb/Sq. Ft.)
Ailerons
High Low Inverted Landing and Horizontal Vertical
Name Incident Incident Flight Conditions Tail Surfaces Tail Surfaces

Pursuit 12.0 6.5 4.0 7 35 30
Observation 8.5 5.5 3.5 6 30 25
Light Bomber 5.5 3.5 2.5 5 25 20
Heavy Bomber 4.5 3.0 2.5 5 20 15
Primary Training 8.0 5.5 3.5 7 35 30
Advance Training 8.0 5.5 3.5 7 35 30
Cargo 5.5 3.5 2.5 5 25 20

Figure 1. Design Loads for Major Assemblies (Reference 1)

1 (1) SPANWISE AIR LOAD DISTRIBUTION - NAVY
1 (2) CHORDWISE AIR LOAD DISTRIBUTION - NAVY
1 (3) DETERMINATION OF POINTS OF APPLICATION OF RESULTANT AIR LOADS - NAVY
1 (4) RELATION BETWEEN AERODYNAMIC AND INERTIA LOADS - NAVY
2 GROUND LOADS - ARMY
ANC - 3 WATER LOADS - NAVY AND BUREAU OF AIR COMMERCE
4 METHODS OF STRUCTURAL ANALYSIS - BUREAU OF AIR COMMERCE
5 STRENGTH OF AIRCRAFT ELEMENTS - BUREAU OF AIR COMMERCE
6 METHODS OF STRUCTURAL TESTING - ARMY
7 DETAIL DESIGN - ARMY

ANC - 8 PROPELLERS AND ENGINE ACCESSORIES - ARMY

ANC - 10 PERFORMANCE CALCULATIONS - NAVY

ANC - 11 PERFORMANCE TESTING - ARMY

ANC - 12 VIBRATION AND FLUTTER PREVENTION HANDBOOK (DECIDED UPON IN 1938

EXECUTIVE MEETING) - CIVIL AERONAUTICS AUTHORITY

Figure 2, Army Navy Commerce (ANC) Committee Programs and Publications (Reference 2z)
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STRESS ANALYSLS CRITERIA

r BASIC FLIGHT CRITERIA
WINGS AND WING BRACINS
ALIGHTING GEAR
t CONTROL SURFACES, INCLUDING FIXED SURFACES, AND AUXILIARY DEVICES
CONTRC. SYSTEMS
ENGINE MOUNTS AND NACELLES
FUSELAGE AND HULL

FITTINGS

Figure 4, Specification X-1803 Classifications (Reference 2c)

STRUCTURAL FACTORS OF CAFETY STRUCTURAL DELTA WEIGHT ULTIMATE MARGINS OF SAFETY
1.125 -6.2% -0.250
1.250 =4.0% -0.167
1.500 0.0 0.000
1.750 +4.0% +0.167
1.875 +6.2% +}, 2D

Figure 5., Structural Weight and Margin of Safety Variations with Changes in Factor of 3afety
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Figure 7. Structural Limitations Large Cruise Vehicle (Refereuce 20)
Structural Design Concept Weight Change Wing Root Stiffness Range Increase

Factor/Eq Rel. Reliability Structure(1l.0) Inert(2.0) Gross(5.5) Bending Torsion Imert Wt w/Fuel

-21.%

1.50 Factor 10 1.000 1.000 1.000 1.00 1.00 1.600  1.000
Eq Rel (1.5) 107213 984 ,968 980 .87 9% 1.006  1.009
1.40 Factor 1071 .979 .958 .977 .93 .97 1.006  1.013
Eq Rel (1.4) 107 .962 924 ,958 .81 .92 .01 1.021
1.30 Factor 10753 957 .913 ,953 .87 9% 1.012  1.02
Eq Rel (1.3) 10783 943 886 .937 .76 .90 1.016  1.030
1.25 Factor 10792 945 889 ,940 .83 .93 1.006  1.030
Eq Rel (1.25) 10782 .938 .876 ,932 .74 .90 1.017  1.032

Figure 8. A Comparison of Weight and Performance Changes with Different Factor of Safety
and Reliability Concepts for a Large Cruise Vehicle (Reference 20)
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Figure 9. Statistical Representation of the Factor of Safety Design Concept
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THE LABORATORIO NACIONAL DE ENGENHARIA CIVIL
AND THE STRUCTURAL SAFETY CONCEPTS
IN CIVIL ENGINEERING

by

J.Ferry Borges
Director, Laborat6rio Nacional de Engenharia Civil,
Lisbon, Portugal

1. INTRODUCTION
This opening presentation is divided into two completely different subjects.

First a brief description of the Laboraténio Nacional de Engenhana Civil (Portuguese Civil Engineering Latoratory)
LNEC.

Thereafter a sumaary of the present situation conceming structural safety concepts in Civil Engineering.
The description of LNEC is justified by the fact that the AGARD meeting is taking place in its campus.

The presentation of structural safety concepts is justified by the possible mutual benefits that can der. ¢ from a
comparison of structural safety concepts used in Aeronautics and Civil Engineering.

2. THEPORTUGUESE CIVIL ENGINEERING LABORATORY, LNEC

The Laboratono Nacional de Engenhana Civil, LNEC, 1s a research institute in the domain of construction related
to Cvil Engineenng. It gives technical support to the activity in the following fields. buildiag and town plenning
thousing, schools, souial equipment), transportation (roads, railways, harbours and dirports), power production (hydro
eiectnie, thermie and nuddedr plants, overhead elecine lines), industnal and agricultural buildings, building materials,
elements and components; design and construction.

It depends on the munster of Public Works direct, and s 1n (lose contact with the remaining siate departments, and
public and private enterprises concerned with the above fields. As 1t also carries out spedialization and prufessional up-
grading activitics, it keeps in touch with institutions mainly devoted to education.

LNEC, with ats staff of about 1,000, of which more than two hundred are graduated people, may be considered an
important research institution not only on national level but also by international standards.

Perseverance in training, improving and selecting its staff for about thirty years ks made it pussible to assemble a
group of researchers, speciahists, assistants and other techniuans and admunsstiative persunnel who form a valuable pate
mony. In the nea: future there 1s the purpose of enlarging the specialized technical staff in such a way as w increase
LNEC capauity to meet Portugal's needs for research and tu vontinue collaborating in the resolution of problems put by
foreign organizations.

LNEC is organized into 8 departments and 38 technical or administrative divisions.

The total operation vost of LNEC in 1977 amounted to about 300 million escudos, of which about vne third corres-
ponds to state appropniation, one tnird 1s granted from investment plans to research and une third corresponds to
contracted studies and services.

The LNEC campus is about 22 hectares. Its total floor area is about 70,000 n 2,

To give support to research activities, LNEC has a computing centre, which js also used b, a large number of public
and private organizations on a time-sharing basis.

{t alsu has sume design offices and workshops fur developing mechanival and electronie test equipment not available
on the market. Some cof thut equipment has been patented, and is commetdialized by LNEC mair.y abroad.




To back up research, LNEC 1s provided with a library which contains about 100,000 publications and receives more
than 800 penodials. The hbrary carding index contains above 600,000 entries. Automation of bibliographic research is
already a fact for some domains (roads, hydraulics), and it will progressively be extended to further domains.

Research 1s conducted following four-years plans that obey guide-lines set for longer times, and are put to effect by
means of yearly plans. Four research plans are 1n progress. a government s investment plan that gives support to building
research, a plan for housing studies, a plan for hydraulic studies, and a plan for studies on roads, railways and airfields, all
provided with their own funds. All such planning is carried out in coordination with bodies concerned with activities in
these fields. The total number of studies included in these plans amounts to about two hundred.

Researcn applied to resolution of specific nroblems related to design and construction of civil engineering works is
made on coatract. Planning and budgeting precede every study. As studies progress the control of their execution and
cost is carried out,

In addition to research, LNEC carries out a large number of other activities, such as. standard tests, drafting of
speufications, standards and wodes, delivering of agreements and classification of building materials and components,
control of matenals production, observation of structural behaviour, general information and advice.

Particular reference should be made to specialization and professional upgrading activities under the form of
seminars, courses and technical information sessions.

The seminars are mainly meant for updating and discussing knowledge on specialized subjects. They disseminate
research activities and contnbute towards the training of LNEC specialists as well as other technicians particularly of
holders of study grants working at LNEC. The traimng of specialists is extended to non-LNEC trainees who by completing
a study programme and submutting a thesis can qualify as research officers and principal research officers.

Professional upgrading courses, held in Lisbon and in several other towns in Portugal, are meant for the professional
upgrading of technicians concerned with the building industry.

Technical :nformation sessions have the purpose of divulging recent achievements in different domains.

The dissemination of kinowledge 1s backed ur by the publication of numerous documents. technical papers,
techni -al inforn.ation sheets, manuals, text-books, specifications and booklets of several kinds.

A general assessment of its action since it v as created in 1947 makes it clear that the LNEC has succeeded in
achieving the guals that were set to it. In addition to contributing towards progress of knowledge in several domains, it
has solved a large number of problems put to it exther by national or foreign organizations, and moreoever it has conducted
many other avtivns for the benefit of the Portuguese technolugy with the aim of contributing to the social and economic
progress of the country.

3. STRUCTURAL SAFETY CONCEPTS IN CIVIi. ENGINEERING

3.1 The Activity of the Joint-Comrittee on Structural Safety

The improvement and implementation of structural safety concepts is the basic aim of the Joint-Committee created
1n 1971 and sponsored by the following internatiunal associations in Civil Engineering. CEB  Euro-International
Commuttee for Loncrete, CECM - Eurspean Convention ior Constructional Steelwork. CIB  International Council for
Building Research Studies and Docume ntation, FJ® - International Federation for Prestressing, JABSE  Liiernational
Assvuation for Bridge and Structural Logineenng, and RILEM  International Union of Testing and Research Laboratories
for Materials and Structures.

Several internativnal budies such as. ECE Evonomic Commissivn for Europe of the United Nations Economic and
Suvual Counul, CLL (Common-Market) Commussion of European Communities and ISO  Internativnal Organizaticn for
Standardization are working in the harmunization of witernativnal rules fur the design and execution of structures for
different types of constructton and material. This harmonization implies unification of basic concepts.

The improvement and unification of basic coneepts are upstream of the harmonization of spedific rules. Consequently
the terms of reference of the Joint-Committee are of great importance.

An extended unifivation of coneepts and design rules should allow maakind to benefit from existing knowledge
vollected through inernational couperative work. However, the fixing of concepts hinders progress. This duality has
been cunsidered and steps have ocen taken to 1oy to maxsmize the advantages of world wide cooperation, and to minimize
the disadvantages of crystallization and possible obsolescence of fundamental concepts.

Dae to the imtiative of CEB, a sev of commun unified rules for different types of construction and material is being
drafted’ ?. Sub~ummuttees were oreated wathin the Joint-Committees to deal with the first volume of this set of unified
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rules. This volume vuvers. objectives and general secommendations for design, design methods, basis for the deter-
mination of activns and their combinations, general vonditions for use, control and acceptance of materials and
components.

A bnief summary of the problems discussed, of the sclutions adopted and of the progress expected is presenied. Itis
not possible to review the overall activity of the Joint-Committee. Since its creation and up to the end of 1976, the
Commuttee had eight plenary meetings in which more than 60 contributions were presented®. The activity of the Editorial
Group, chaired by R.E.Rowe. who drafted the main text of Volume I, and of the Sub-commitiees, chaired by R.Rackwitz,
who drafted the Appendix dealing with Level 2 and the set of studies on First Order Reliability Concept for Design Codes?
is particularly acknowledged.

3.2 Design Objectives

The perspective of design 4s a decision process is well established. The ranking of objective functions in. utility, cost
and rehabiity, 15 Jear. For tune invanant problems general theoretical formulation: conceptually correct already exist®

The reliability concept of achievement of acceptable probabilities that structures will not become unfit is ready to be
used in much broader terms than tili now. This is not the case with utility or generalized cost. These important basic
conuvepts would need further supporting data 1n order to be implemented. However, e choice of the acceptable
probabilities (or reliability indices) can be guided by the aim of maximizing utility ur minimizing generalized cost. This
leads to the consideration of cost of failure consequences and attenuation cost (increase of initial cost per unit of increase
of reliability).

3.3 Limit States

The concept of hmut state corresponds to a disuretization of the concept of utility. Given e.g. a structural element
acted on by an action-effect S of components M (bending moment) and N (axial force) there is a domain of structural
behaviour wathin whuch the utility 1s positive, a region in which utility rapidly decreases and another domain where utility
becomes strongly negative.

The region between the pusitive and the negative domains can be jdealized as a border which limits a safe domain
This border corresponds to a hmit state. Often the utility surface is ondulated and several types of limit states can be
defined which vorrespond to differeat burders, each one associated with a given type of behaviour (cracking, deflection,
failure).

This way of thinking 1s satisfactory for time-invariant problems. However, this is not the gencral case. The negative
utihty assoutated to o hmit state depends on the interval of time during which the considered behaviour (unfitness) is
attained.

Limt states are usually classified into two groups. ultimate and serviceability limit states. The single occurrence of
an ultimate himit state produces an abrupt reduction of utility. In serviceability limit states the reduction of utility is in
general small and depends on the time interval during which the limit state is surpassed.

This duration concept is included in the umfied code'. Actions are defined in such a way that the durations of
exceedence of given values can be casily determined.

For given matenals (e.g. concrete and timber) the duration of the actions affects not only the serviceability limit
states but alsu general structural behaviour. Although the idealization of actions should allow their definition for any
interval of time a standordization 1s advisable. At present there is the tendency to consider two durations quasi-
permanent and frequent actions'. The first currespunding to mean values in the probability distributions of instantaneous
values (as sampled distnbutions) and the sevund to the upper 5% fractiles of these distributions. In special cases other
values have to be considered®.

The need to include in the unified code the definstion of a reference time derives from the fact that probabilities due
to single events (ounstruction phase) have to be associated to probabilities of extreme values due to multiple events
(vaniable actions), The probabilities of multiple events have to be referred to an interval of time. The interval of time of
S0 years 1> now aceepted as standard, However the theoretial formulatio 1s and the basic data easily allow to compute
probabilities given any other value of the reference time.

3.4 Levels of Design

The mtroduction of the concept of levels of design’ derived from the nced to classify different more or less
approximate computational procedures, leading to the fulfilment of design objectives.

Three design levels are considered. Level 3 is a fully probabilistic method. Design decisions are based on the expected
value of the utility E(V) or on the probability of attaining a limit state, Py.
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For time-nvariant problems, given a set of basic variables X , the expected value of the utility is given by.

E(V) = fR Vx (x) d Fx (x) €y

where Fx (x) are the probability distnbutions of the basi vanables, and Vy (x) measures the utility associated to them.
The integral {1) is extended to the space R of all variables X .

The notions of safe and unsafe regions result from substituting the concept of limit state to the concept of utility.

The probability of surpassing 2 given limut state, which corresponds tu the probability of being outside the safe region Dy ,
is given by the integral -

Pf=l—fDxdF§(x) @

All methods which allow an exact computation of the integral (1) or (2) are classified in Level 3.
Level 2 is an approximate probabilistic method.

Let the boider of the safe domain Dy be defined by a function g(X,») =0 where v is a design parameter. One
wdy of approximately assessing the reliability consists in measunng the distance between the mean value X and the border

gX,» =0 3)

Assume that the basic variables are independent and introduce the reduced basic variables

C)

Equation (3) becomes
gy, ») =0

The reliability which corresponds to a given value of » is measured by the reliability index . The relationship
between B and v is expressed by the set of equations

yt = tof (5)
_a_g_
Z (5
gy} ... o¥p. =0 )

The derivatives included in equation (6) are computed at the design point y* .

The system of equations (5) to (7) can be solved by iterative procedures.

Point y* is adistance § from the origin, closest to it on surface gy ,»)=0.

Points y{ are fractiles weighted by parameters ¢o; , (8) and correspond to X; = Xitog 0x, -
Level 1 is the so called semi-probabilistic method.

At Level | fixed fractiles of the basi vaniables are used. These fractiles (haractenstic values) are multiplied by partial
safety factors which do not depend dircctly on the limit state criterion expressed by giX,»)=0.

Briefly, the algonthms used at Level 3 allow to compute a..urately the values of the objective functions, at Level 2
the algwithms yield approximate values of the extremes of the design functions, at Level | thesc approximate extremes
are obtained by introducing extremes of the basic variables in deterministic design functions.

In Levels 3 and 2 the baste variables are expressed by their probability distributions or at Level 2 by their two first
moments. mean and variance. In Level 1 basic variables are expressed by fixed fractiles.



The Jlassification in three design levels 1s arbitrary and incomplete. Levels higher than Level 3 could be introduced
to express uptimization unitena® or to indude prediction deusion theoiies®. Also, there are nu definite borders between
different levels. For instanue, the partial safety factors to be used at Level 1 can be derived frum computations at Level 2.

3.5 Operating Spaces

For an understanding of cude altcrnatives for safety Jiecking, the concept of operating spaces should be introduced®.

The basic variables, X, (actions, material properties, dimensions, etc.) define the input space.

Limat state conditions age usually expressed in avtion-effects, displacements, crack-widths. The space of these
variables is called output space.

For soine problems it 1s cunvenieat to introduce aunthary vanables (e.g. strains, stresses) which gefine the state-space.

Direct design or safety Jhecking can be carned <ut at any of these spaces. However non-hinear transformations
between spaces orc usually nevessary. Tor safety checking in the input space a transformation into basic vanables of himat
state voaditions 1s needed, the same checking in the vutput space implies a transformation of the basic variable into this
space. Finally, in the state-space, both basic variable and limit state conditions are to be transformed.

Usually at Level 1, uthmate Limait states checking is carried out in the output space by comparing resisting and acting
action-effects. This corresponds to a special format of g(X,») <0 of the type S(X; ... XJ) - R(X}H L Xp <0
where S(.) can be identified as acting action-effects and R(.) as resisting action-effects.

The mentiuned furmulation spaces can be used in any type of structural anatysis (linear, non-linear, plastic) and of
design levels. Their choice depends on operational motives.

3.6 Basic Variables

3.6.1 Actions

For many decades man has been spending much activity in the measurement of actions. However, 1t is only recently
that these resuits are being interpreted under a common methodology in order to be used in Jdesign.

As indicated, the probabilistic furmulation of safety implies a probabilistic definition of the actions. Conseyuently,
available data have to be interp.eted statistically in order to obtain convenient definitions.

The Juint-Commuttee has made a considerable effort to dealize the most important types of actions'®  Several inter
national associations and several groups in different countries are working in the same direction.

Levels 2 and 3 can only be implemented if probabilistic idealizations of actions are given. For variable actions these
wealizations should indude not unly instantaneous values but also extreme values for different iutervals of time. Con
seyuently, the idealizatiuns have ts be bascd un stochastic processes. The simplest stochastic provess model which allows
the combination of vanable actions 1s of the repeated independent event type . Using this simple model all the pertinent
prubability distnibutions of the parameters defimn, 'ie actions van be derved frum the distribution of cxtreme values in
the reference time and from the corresponding number of repetitions'®.

Progress in the definitiun of activns 1s expected to denve nut only frum the use of stochastic models, more refined
than this une, but partieularly frum improved prediction dewsion rules, allowing to build pragmatically vptimal models®,
and also from the consideration that several types of actions are man-produced or man -ontrolled.

36,2 Mechanical Properties

Th. relationsh.p between control and defintion of mechanical properties should be very iniimate. Efforts slung these
hines yrelded an improved defimtion of types of control and aveeptance rules'? . Prugress Jepends not only on better
theuretival appruaches which allow to incorporate all infurmation avalable 1n the probabilistae definition of inechanical
prupestics, but also un waproved covperation with the industnies of matenals of construction to cumpatibilize the needs
and interests of the vwners, the designers, the budders and the producers of materials. Mutual infurmation and national
and international actions are required.

363 Dimensions

Dimensional tulerances ate often viewed as o vunstruvtional and nut us a structural problem. For structural purposes
dimensions are usuaily taken as determanistie quantities. When the probabilistic vatiability liss to be cunsidered, the
present tendenvy vonststs an extunding to structural problems the concept of tolerances and assigning upper and lowet
limits of the dimensions to be introduced in structural design expressions.
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In future, dimensions should be dealt with as other basic variables by defining their probability distributions and
by fixing control and acceptance rules to fulfil both constructional and structural objectives.

3.7 Combination of Actions

Given a vanable X of probability distnbution F(X}, the probability distribution of the extreme values cbtained
by r independent repetitions of X is expressed by

Fr(X) = (F X)) (8

This sumple expression allows tu transferm distnbutions of instantaneous values into extreme distributions for any
value of r (the r repetitions being assumed to correspond to non-correlated trials).

If n different types of actions at sisultaneously, design should be checked for n combinations of actions each
one vorresponding to the case in which one of the actions assumes its extreme value in the reference time. The
computation procedure is the following:

The n actions are ordered according to their number of repetitions, r; <rj41 -

The probability distributions to be used in each combination are obtained assuming the number of repetitions
indicated in Table 7.

TABLEI

Number of Repetitions to be Considered in Each Combination

. Action number and number of repetitions
Combination in the reference time
Number
1 2 3 - n
1 I /1y r3/ry | rplty—y
i Iy 13/, voo | Talta—
3 1 1 I3 voo | Tpfta—y
n 1 1 1 . I

When used at Level 1 this combination rule corresponds to reducing the Jharacteristic values of the actions. In the
Unified Code this reduction is introduced through a combination factor, g . In the same way, coefficients ¢, and ¢,
are inttoduced to transform extreme character.stic actions in the reference time into actions with different Jurations.
The combination rules which include actions of different durations are also included in the Unified Code.

3.8 Structural Behaviour

L the upties of safety cuccking the study of structural behaviour consists in the transformation of variables between
operating spaces. In general the transformations are non-linear.

The simultaneous transfurmation of wi vanables {from the tnput to the output space or reciprocally is in most cases
difficult to handle. For ths reason 1t 1s convenient to split the problems wato (1) transformations which allow to determine
the it state surface (resisting avtion-effects) 1n the action-effects space (members analysis) and (it) transformations
whuch allow to ubtain the action-effects avting on the members as 2 function of the cumbined actions (structural analysis)

Thus vorrespunds to o formulation of the type S - R, in the gencralized sense of vonsidering the multi dimensional
charavter of S and R and cunsequently defining the space vanability of S and the safe domain of action effects limited
by R. In this furmulation the border of the safe dumain 15 no longer deterministic but random. It can be determined
using the weighted fractiles method.

The probabilistic vanability of the avting avtion-effects has to be derived frum the variability of the acticns taking
1 due vunsideration the non-hineanty of the transformation S{X) . Alse, in this case a lincarizaiion procedure shoul be
adopted.

At Level 2 1t would be vonvenient to implement algonthms which would allow the combination of the two probler:s
and consequently a unified linearization and definition of weighted fractiles.




In future, dimensions should be dealt with as other basic variables by defiming their probability distributions and
by fixing control and acceptance rules to fulfil both constructional and structural objectives.

3.7 Combination of Actions

Given a vanable X of probability distnbution F(X}, the probability distribution of the extreme values cbtained
by r independent repetitions of X is expressed by

F (X) = (FX))F (8

This sumple expression allows to transform distnibutions of instantaneous values into extreme distributions for any
value of r (the r repetitions being assumed to correspond to non-correlated trials),

If n different types of actions aut simultaneously, design should be checked for n combinations of actions each
one corresponding to the case 1n which one of the actions assumes its extreme value in the reference time. The
computation procedure is the following:

The n actions are ordered according to their number of repetitions, r; <14y .

The probability distributions to be used in each combination are obtained assuming the number of repetitions
indicated in Table 17,

TABLEI

Number of Repetitions to be Considered in Each Combination

L Action number and number of repetitions
Combination in the reference time
Number
1 2 3 . n
Iy r/n 13/1; e In/th—1
2 I I I3/ cen | Tplta—y
I 1 I voo | Tpftp—y
n 1 1 1 .. I

When used at Level 1 this combination rule corresponds to reducing the Jharacteristic values of the act.ons. In the
Unified Cude this redudtion is introduced through a combination factor, g . In the same way, coefficients ¢, and ¢,
are intzoduced to transform extreme charactenstic actions in the reference tume into actions with different durations.
The combination rules which include actions of different durations are also included in the Unified Code.

3.8 Structural Behaviour

In the uptivs of safety wuclking the study of structutal behaviour consists in the transformation of variables between
operating spaces. In general the transformations are non-linear.

The stmultaneous transformnation of «ii vanables {rom the input to the output space or reciprocally is in most cases
difficult to handle. For this reason 1t 1s couvenient to spht the problems 1ato (1) transformations which allow tu determine
the limut state sutface (tesisting avtion-effects) in the action-effects space (members analysis) and (i) transforniations
which allow to obtain the avtion-effects acting un the members as a function of the combined actions (structural analysis).

Thus worrespunds to a formulation of the type S - R, in the generalized sense of considering the multi dimensional
character of & and R and cunsequently Jdefining the space vanability of S and the safe domain of action effects limited
by R. In this formuiation the border of the safe domarn 15 no longer deterministic but random. It can be determined
using the weighted fractiles method.

The probabibistic vanability of the acting avtion-effeuts has to be derived frum the variability of the actions taking
i due vonsideration the nonlineanty of the transfuormation S(X) . Also, in this vase a linearizavion procedure shouid be
adopted.

At Level 2 1t would be vonvenient to implement algonthms whivh would allow the combination of the two problems
and consequently a unified linearization and definition of weighted fractiles.
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